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Abstract 
 
Robert Burns, the much-loved national (Scottish poet), has been the target of 
forgers, the most prolific being ‘Antique’ Smith, who realised the demand for 
authentic manuscripts which could bring a high price. Antique Smith’s forgeries 
have continued to appear for auction as the real thing long after Smith’s time, 
and suspicion sometimes falls on authentic Burns’ documents because of the 
awareness of the Smith corpus. A chemical method for distinguishing forged from 
real Burns could have a significant impact on the value of many manuscripts 
attributed to the poet. We chose to focus on the chemical composition of the inks 
used in both authentic manuscripts and forged ones. In this study, desorption 
electrospray ionisation (DESI) and direct infusion mass spectrometry (DIMS) have 
been applied for the analysis of black inks made using traditional recipes from the 
18th and 19th centuries and for historic manuscripts. 
DESI is an ambient mass spectrometry method that can be used for spatial analysis 
and imaging of sample surfaces, with very little sample preparation. DESI has been 
engineered in house, using an existing nano-spray source. DESI directly desorbs 
sample analytes from a surface under ambient conditions using electrospray 
ionisation. Optimisation of a DESI method can be very complex as there is a wide 
array of dependent parameters that can alter the performance which include; 
nebulising gas flow, solvent flow, voltage and geometrical parameters. Once fully 
optimised DESI can be very sensitive and non-destructive. The lab-built DESI, 
based on the Abbassi-Ghadi source, was coupled to Thermo Scientific ExactiveTM 
OrbitrapTM mass spectrometer. 
DIMS, which is similar in principle to liquid extraction surface analysis (LESA), 
operates by picking up sample analytes using a solvent droplet on the surface. 
Using a methanol water solvent, it has been shown to be minimally destructive. 
DIMS is performed by placing a pipette tip just above the surface of a document, 
and pipetting up and down three times. Direct infusion was then carried out, using 
the solvent containing the sample analytes with an Advion TriVersa nanomate set 
up for chip-based infusion coupled to a Thermo Scientific Orbitrap FusionTM 
TribridTM mass spectrometer. The sampling process of DIMS can be performed out 
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of the laboratory setting, which eliminates the need for transportation of the 
historic documents. 
DESI imaging has been successfully performed on rhodamine 6G, and for the 
analysis iron gall and ivory black inks. The word ‘Polyomics’ written in rhodamine 
6G on a glass slide, was imaged using low spatial resolution of 1.25 mm steps per 
line as a ‘proof of concept’ experiment. An array of letters was written onto 
handmade cotton paper where ivory black ink was successfully imaged in positive 
ionisation mode with a unique peak at 375.21 m/z. In negative ionisation mode 
iron gall inks could be spatially identified using a unique peak at 220.15 m/z. It 
was concluded that further optimisation of the DESI method would be required 
however, before being suitable for the analysis of historic documents. 
The DESI source was investigated for the analysis of cow’s milk and amino acids. 
In DESI there are two main groups of analytes, electrospray ionisation (ESI) and 
atmospheric-pressure chemical ionisation (APCI), which require different DESI 
parameters for successful ionisation. The analysis of cow’s milk produced a 
complex lipid spectrum. Lipids belong to the ESI group of analytes, in the 
experiment groups of glycerolipids were identified. This indicates that the lab-
built DESI source is capable of ionising this group of analytes. High mass spectral 
resolution mass spectrometry was used, providing high mass accuracy, which 
eliminates the requirement for chromatographic separation, although tandem 
mass spectrometry would be required for further identification of the lipids. 
Amino acids however, are within the APCI group of analytes, and have been shown 
to be successfully spatially detected using DESI. Ink components will be within the 
same group of analytes as amino acids, which demonstrates suitability for this 
group of analytes. 
DIMS was used for the first time to analyse the inks and paper used by Burns and 
Smith. It was shown using DIMS that iron gall inks and ivory black inks can be 
distinguished successfully, therefore, 9 manuscripts known to be written by A. 
Smith and 3 manuscripts written by R. Burns were analysed. A unique chemical 
fingerprint was created for each of these manuscripts. It was found that there 
were 94 discriminatory peaks (Q < 0.05) distinguishing Burns and Smith 
manuscripts, of which 42 of these were not detected in any of the solvent peaks. 
A support vector machine classifier was produced with a 0.76 AUC value which 
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distinguishes these authors works. Eight significant peaks were carefully selected 
for further analysis with annotations where available. 
DIMS could have a broad application, aiding collectors of historic literary works 
and auction houses with the authentication of spurious documents. It would be 
necessary to create a library using DIMS, sampling a wide range of manuscripts 
from different time periods from around the world, incorporating different 
historic figures literary works. A number of chemical classifiers could be produced 
and used to identify the origin and time period, and therefore authenticity, of 
spurious manuscripts.  
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Poetry is an art form in use for thousands of years, playing an important part in 
cultures throughout history. One of the earliest written examples is ‘The Tale of 
the Shipwrecked Sailor’ (Baines, 1990) from ancient Egypt, composed in the 
twentieth century BC. In western literature, one of the earliest known works is 
Homer’s ‘The Odyssey,’ (Homer, 1991) written in ancient Greek around the eighth 
century BC. Over the centuries, poetry has evolved into the forms most 
recognisable today. A particularly important period in the development of modern 
poetry was the Romantic era, from the late eighteenth century to the mid-19th 
century (Anne and Matlak, 1996), where poets rejected the civilised realism and 
classicism of the 18th century, instead elevating a passion for nature, individual 
thought, personal feelings, and the imagination. Robert Burns, who lived from 
1759-1796, is considered an important precursor to Romantic poets such as 
Wordsworth and Coleridge, and he had a profound impact on Scottish literature 
and culture.   
When studying the corpus of a writer, it is essential to ensure that texts are 
actually by the original author. This is imperative, both for assessing its scholarly 
influence and for estimating the worth of authentic manuscripts. Originals from 
famous writers can be worth considerable sums of money. Due to the popularity 
of certain authors such as Burns and the enormous monetary value attached to 
their works, the world has been plagued with forgeries throughout history. It is 
therefore essential to determine the provenance of original manuscripts and to 
ensure that they are indeed authentic. We have made advances in the 
methodology for Desorption Electrospray Ionisation (DESI) and Direct Infusion Mass 
Spectrometry (DIMS) for the analysis of writing inks. These significant 
contributions to the identification of authentic and forged manuscripts are 
described in the results section of this thesis. 
 
1.1 Robert Burns 
Often referred to as Scotland’s national ‘bard’, Robert Burns remains a much loved 
and celebrated poet and lyricist. Burns continues to play an important part in 
Scottish culture, both in Scotland itself and amongst expatriate enthusiasts, book 
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collectors, and manuscript collectors throughout the world, especially in North 
America. On the 25th of January each year, his life is celebrated by means of a 
Burns supper with haggis, neeps and tatties and ceilidhs, a festive gathering that 
usually includes dancing to Scottish traditional music. On the stroke of midnight 
on New Year’s Eve, it is also customary in Scotland and beyond, to sing or hear (as 
in the case of Times Square New York), one of his most famous works, Auld Lang 
Syne, of which the chorus is transcribed below. 
“For auld lang syne, my dear,          
For auld lang syne 
We’ll tak a cup o’ kindness yet, 
For auld lang syne.” (Burns, 1788) 
 
Burns wrote in the Scots language as well as a light Scots dialect of English, which 
made his works accessible to audiences across the world. 
 Brief background and history  
Despite Burns’ relatively short life from 25 January 1759 to 21 July 1796, when he 
died age 37, he still managed to compose over 600 poems and songs. Burns’ early 
life was spent around Alloway in Ayrshire, growing up in some periods of poverty 
and hardship. William Burnes, his father, was a farmer and Burns worked for him 
as a labourer. Manual labour gave Burns a weakened posture and probably 
damaged his heart, which ultimately resulted in his death, as he had a 
longstanding rheumatic heart condition. He underwent a mixture of home 
schooling by his father and attended Dalrymple Parish School for a couple of years 
from c.1770-72. By 1774, he was a full-time farm labourer at Mount Oliphaunt, his 
father’s farm, when he met Nelly (Helen) Kilpatrick, the first of Burns’ prodigious 
relationships with women, who inspired his first attempt at poetry (Crawford, 
2009).  
Kilpatrick was the first of Burns’ many affairs of the heart.  While he never had 
much success at farming, he was something of a ladies’ man, fathering at least 12 
children, some of whom were illegitimate. His many dalliances inspired the love 
songs and poems that made him famous. Burns married Jean Armour in 1788, 
although they had met some years before that, with whom he had nine children. 
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He was also involved romantically with Mary Campbell around the time he met 
Jean, and they had planned to move to Jamaica together. However, she tragically 
died in 1786 and Mary was the inspiration for several of his early poems.  
It was the published Kilmarnock Edition, of his book ‘Poems. Chiefly in the Scottish 
Dialect’, that gave Burns his first real taste of success, with much of his best 
writing being published in this book in 1786. He compiled it while intending to 
immigrate to the West Indies, which never happened. Shortly afterwards, he 
moved to Edinburgh, publishing the second edition of ‘Poems, Chiefly in the 
Scottish Dialect’, which was, like the first edition, a great success for him. During 
Burns’ time in Edinburgh, he had numerous affairs, inspiring yet more poetry, such 
as “Ae Fond Kiss,” written for Agnes Maclehose (his ‘Clarinda’). Around this time, 
Burns’ successes allowed him to purchase better quality writing papers and inks; 
therefore, a change in the materials he used would be expected, when 
manuscripts of the period are examined closely.  
In 1788 he moved to Ellisland farm in Dumfries to pursue his relationship with Jean 
Armour, and he trained to become an exciseman for Customs and Excise, which 
led him to largely leave farming in 1791. It was here where he wrote one of his 
most famous poems “Tam o’ Shanter”. After giving up his farm, Burns moved to a 
house in Dumfries, where he continued writing his poems and songs, including 
“Auld Lang Syne”. By the mid-1790s, he was a famous writer and working as an 
excise man, no longer living on the brink of poverty. But he wasn’t happy, as he 
was sinking into fits of despondency, and he had alienated many of his friends by 
expressing sympathy towards the French Revolutionaries. His health started to fail 
in 1795, and he died on July 21st, 1796. It is estimated today that there are over 
900 living direct descendants of Burns through his 12 children (Crawford, 2009; 
Burness, 2018). 
 Robert Burns and his influence on others 
Robert Burns is considered today to be Scotland’s ‘national Bard,’ and his works 
remain extremely popular in his native country and beyond. Burns influenced the 
Romantic era poets such as William Wordsworth, Samuel Taylor Coleridge and 
William Blake, (Pittock, 2003) and his work played a significant role in the Scottish 
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folk revival as the poet was also a collector of traditional tunes, often popularizing 
them by adding his own lyrics. 
Burns has also influenced modern day authors and artists (Ross, 2015). Bob Dylan 
has stated that ‘My Love is Like a Red, Red Rose’, a poem that Burns wrote in 1794 
(Burns, 1794), was his great lyrical inspiration. Burns influenced American authors 
such JD Salinger, who called his book The Catcher in the Rye referencing a song 
written by Burns, ‘Comin’ thro’ the Rye’ (Burns, 1782) and John Steinbeck’s novel 
‘Of Mice and Men’, a title taken from a line in Burns’ poem, ‘To a Mouse’ (Burns, 
1785). 
It is therefore not hard to understand why Robert Burns is still much loved and 
celebrated today, as his work has continuously inspired other artists since his time, 
as well as being a huge element of Scottish national pride, with the poet himself 
being regarded as one of the great poets of nature and of the "common man". 
 Other Robert Burns research 
Research performed at the University of Glasgow has given an insight into Robert 
Burns’ life, establishing the likelihood that Burns suffered from a psychiatric 
disorder. It has been suggested that Burns may have suffered from bipolar disorder 
seen in his reported mood swings between depression and hypomania. This might 
help account for his creativity, temperamental personality and unstable love life 
(Hansen et al., 2018). 
In the research performed by Hansen et al. Burns’ letters were interrogated across 
different time periods, in order to provide evidence of Burns’ mental health. 
Periods of increased activity and energy, along with periods of depression and 
withdrawal, have been identified. In the period from 1786 to 1795, it was shown 
that Burns had different writing styles and increased anxiety, leading the 
researchers to the conclusion that he possibly suffered from this disorder. His 
mental state is thought to have had a direct impact on the quantity of material 
he produced and style of language he used. This is now one of the many ways into 
evaluating the quality and authenticity of Burns’ output. 
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1.2 Alexander Howland Smith (Aka Antique Smith) 
Alexander Howland Smith, more infamously known as ‘Antique Smith’, was born 
in Edinburgh in 1859. He became known as the master forger of his day. Smith not 
only forged the works of Robert Burns, but of at least 10 other famous Scots from 
different periods, such as Mary Queen of Scots, James IV, Oliver Cromwell and 
Walter Scott, to name a few (Famous Forgeries, 2016). 
 Background and history 
Smith’s forgery career with multiple literary works and authors started in the 
1880s, where he would collect any old books that had blank pages for his forgeries. 
Smith had worked for several law offices around Edinburgh so he had access to a 
range of writing materials on which to create his forgeries. Once Smith had 
exhausted his supplies of authentic paper, he is thought to have resorted to a 
mixture of tobacco and tea staining, in order to give an old appearance to modern 
paper (Fergus, 2009). 
It is unknown exactly how many forged documents Smith produced, but it is 
thought to be hundreds, if not over a thousand spurious documents. Nor did 
anyone prove whether or not he had any accomplices. He may have been aided by 
or been under the guidance of booksellers in Edinburgh at the time, although this 
was never proven (Gerrard et al., 2017). It is believed, however, that many of his 
forgeries may still be undetected to this day. 
Suspicions rose about the possibility of spurious documents when James Mackenzie 
decided to sell some of his famous Rillbank collection in 1891 via an Edinburgh 
auction house. The auctioneer was unwilling to guarantee provenance of the 
collection, although he claimed that there was no reason to suspect they were not 
genuine. Several months later, Burnsian experts discovered that a letter addressed 
to Mr John Hill was dubious, as there were no known people of that name from 
the collection. Mr Mackenzie attempted to defend his documents, although it was 
suspected that he was well aware that the collection contained fakes, and he may 
have even been an accomplice of Smith (Fergus, 2009). 
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Mr James Stillie, a well-known Edinburgh book seller, came under question when 
it was found that he sold over 200 manuscripts to an American collector. Stillie 
was never prosecuted for his sale, due to his age and poor health, although it is 
suspected that he may also have been an accomplice. Andrew Brown was another 
book dealer in Edinburgh who is known to have bought a number of documents 
directly from Smith. It is again suspected that Brown must have known that the 
documents were spurious, however no charges were brought against him when 
Smith was tried in 1893 (Gerrard et al., 2017; Fergus, 2009). 
 Forgeries and the trial of Alexander Howland Smith 
In June 1893, 96 years after the death of Robert Burns, Alexander Howland Smith 
was tried at the High Court of Justiciary in Edinburgh. He was charged with selling 
and pawning spurious manuscripts as genuine works by Robert Burns, obtaining 
money from the sales of these documents under the pretence that they were 
genuine, and for offering false stories as to their origin. Over the two-day trial, 
the Crown amassed a total of 170 productions in relation to the charges of forged 
documents and a total of 47 witnesses comprised of collectors, auctioneers and 
hand writing experts. As the trial progressed, the judge and the jury grew to like 
Smith, finding him an affable character. As a result, they  found Smith guilty for 
obtaining money from selling the spurious documents as genuine, giving him a 
comparatively short sentence of 12 months in prison, with no hard labour attached 
(Gerrard et al., 2017). None of his alleged accomplices were found guilty of any 
charges, and in 1905, Smith took sole responsibility.  
In the trial, the experts had commented that the forgeries were very poorly 
written and should not have deceived a knowledgeable person. At the end of the 
19th century, a large collection of Antique Smith’s works was found in the New 
York Public Library, many of which were signed as being endorsed by James Hogg, 
a celebrated Scottish writer. At the time of purchase, these were believed to have 
been the works of Robert Burns. Even though later they were found to be forged, 
they are still worth a considerable sum of money, as Antique Smith today is now 
collectible in his own right (Fergus, 2009). 
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 Importance in history 
It is likely that there are still a number of documents in collections which are 
Smith forgeries, not only of the works of Robert Burns but also purporting other 
famous historical figures. Smith not only made forgeries, but also gave false stories 
as to their provenance. The sheer number of forged documents produced by Smith 
shows that Burns is desirable for many collectors, not only today, but over 100 
years ago. A genuine manuscript of Burns will also fetch a much higher price than 
a Smith manuscript, because of Burns popularity across the world. Smith has 
become collectible in his own right, and is important today, not only from an 
historical perspective, but also from a financial perspective to verify the 
provenance of manuscripts claimed to be from the hand of the bard.  Mass 
spectrometry is an excellent candidate for a technique to assess the authenticity 
of these documents. 
  
1.3 Writing Inks 
In the late 18th to early 20th centuries, significant changes were being made in the 
types of inks that were used. There are three basic types of inks: carbon-based 
inks using a pigment and a binder such as gum Arabic; those that used dyes such 
as fountain pen inks; and those which used a chemical precipitation such as iron 
gall inks.  
Iron gall ink, also referred to as iron gallontannate ink, was one of the most widely 
used inks from the Middle Ages until the 20th century across western civilisations 
(Egan et al., 2018). It is therefore likely that both Burns and Smith would have 
extensively used iron gall inks for writing their manuscripts (Strlič et al., 2010). 
Robert Burns would probably have made his own ink from materials he had 
available, as commercial inks only started to become common in the 18th century 
(Stijnman, 2004).  Smith, on the other hand, would have had more commercialised 
inks at hand, which used dyes, such as steel nib dip pens, and fountain pens. 
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An introduction to some of the major components of the different types of ink 
investigated in this thesis are highlighted in the following sections, along with 
some their structures. 
 Iron gall Inks 
Iron gall ink was the most commonly used ink from the Middle Ages until the 19th 
century. Its popularity was due to its deep blue-black colour and the ability to 
penetrate the paper surface, which made it difficult to erase. Iron gall ink has 
some problems, largely due to its inherent corrosive nature. Over time, 
particularly when exposed to high humidity, it can damage the paper on which it 
is written. In order to perform successful analysis of the inks, it is essential to 
understand the main components of the inks, and any degradation products that 
might be present (Lutui et al., 2008). 
Iron gall ink is made from four main ingredients, which are gall nuts (source of 
tannins), iron sulphate (source of iron), water (solvent) and gum Arabic (binder). 
Various recipes for iron gall ink mean that there will be a variety of different iron-
tannin complexes formed, which ultimately give the ink its colour. Tannins can be 
extracted from the oak galls by boiling vigorously in water and reacted with iron 
sulphate, as in the equation below. 
 
    FeSO4  +   Tannin  →    Fe Tannin     +       H2SO4 
       iron sulphate        acidic tannin         ferric tannate          sulphuric acid 
 
Equation 1 Basic equation for iron gall inks. 
 
Tannins are polyphenolic compounds, which in the case of iron gall ink, often 
contain either gallic acid or ellagic acid. Esters may then be formed with 
compounds such as glucose, and after esterification, form a large molecule with 
five galloyl groups (1,2,3,4,6-pentagalloyl-O-D-glucopyranose, PGG) (D’Agata et 
al., 2007). The structures and molecular weights can be seen in Figure 1-1. 
Compounds such as these might be expected in the analysis of iron gall writing 
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inks. In other analysis, Lutui et al. (2008), was able to detect a number of ions 
and fragmented ions with a mass of less than m/z 500 in the analysis of these inks. 
In this analysis, they only looked at iron gall inks in aqueous solutions in an attempt 
to look at the ink complexes, in which they confirmed iron(II)-gallic acid 
complexes to be the main product in this type of ink. 
 
 
Figure 1-1 Structures of; (A) gallic acid, MW 170.120, (B) ellagic acid, MW 302.197 and (C) 
1,2,3,4,6-pentagalloyl-O-D-glucopyranose, MW 940.681. 
 
 
 Carbon based inks 
The major disadvantages of carbon-based inks, from the writer’s point of view, is 
that they tend to sit on top of the paper, suspended in a binder such as gum arabic. 
Inks such as these are more susceptible to water damage and can be easier to 
A          B 
 
 
 
 
 
 
 
 
 
 
  C 
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smudge. Carbon based inks are much less likely to damage the paper they are 
written on, as they do not bind to the paper in the same way as iron gall inks, 
therefore making the conservation of such inks an easier task. 
Carbon-based ink recipes in their simplest forms could be a binder such as gum 
arabic and a carbon-based pigment such as ivory black, made from carbonising 
ivory, in a suspension. Simple inks such as these, over time, will precipitate out 
the pigment, meaning they will have to be well shaken prior to use. The addition 
of other ingredient may improve the ink by encouraging the carbon-based pigment 
to remain more evenly dispersed.  
Interesting ink recipes were discovered in an unnamed book from a collection in 
Edinburgh, written by an unknown author circa 1800. The book referenced  
Thomas Stubbs on the front page, a known ink manufacturer living in London in 
the early 19th Century. The book was written roughly around the era of Burns, so 
it can be surmised that Burns might have used similar recipes.  
We made one of inks in the recipes (full recipe can be seen in section 2.1.4), 
containing a number of ingredients including ivory black, treacle, dripping (fat), 
and stale beer. Ivory black is made from the charring of waste ivory and one of its 
major components is hydroxyapatite, a naturally occurring mineral of calcium 
phosphate, which makes up a crystalline structure. The chemical formula of 
calcium phosphate is Ca3(PO4)2, (MW=310.177), it might be possible to observe the 
calcium phosphate in the mass spectrometry analysis, although the ion observed 
may differ as the hydroxyapatite forms a crystalline structure with a formula of 
Ca5(OH)(PO4)3, (MW=502.306) (van Loon and Boon, 2004). The dripping used here 
is likely to possess a complex mixture of high molecular weight molecules. Stale 
beer, as mentioned above, and indeed other alcoholic drinks such as white wine, 
was not an uncommon ingredient in ink recipes from the 18th and 19th centuries, 
as people believed it made a more stable ink, possibly due to its slightly acidic 
properties. 
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 Gum arabic 
Gum arabic is a natural product from the acacia tree, a complex mixture of 
glycoproteins and polysaccharides. The exact chemical composition will depend 
on a number of factors, including the geographical location and conditions from 
where it was harvested (Idris et al., 2012). Studies into the molecular structure 
of gum arabic have shown that there are three major components: an 
arabinoglactan peptide fraction (molecular weight of approx. 300 kDa), 
arabinoglactan protein fraction and a small proportion of glycoproteins with 
covalently attached amino acids side chains (Renard et al., 2006; Sanchez et al., 
2008). The carbohydrate content of these three major components for gum arabic 
is similar; the two major monosaccharide constituents are galactose and 
arabinose, the structures of which are shown in Error! Reference source not 
found., whilst rhamnose and guluronic acid are more minor constituents (Renard 
et al., 2014). 
 
Figure 1-2 Structures of the main sugar units of gum arabic (A) Galactose, MW 180.156 and      
(B) Arabinose, MW 150.130 
 
The gum is ultimately made up of a complex, highly branched polysaccharide 
backbone, composed of 1,3-linked β-D-galactopyranosyl units. 
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1.4 Mass spectrometry 
Mass spectrometry can be used for the analysis of a wide range of different 
samples across many disciplines, from proteomics, metabolomics, environmental 
analysis, pharmaceutical analysis, forensic analysis and clinical applications 
(Weston, 2010). Mass spectrometry is an analytical technique which ionises the 
chemical compounds of a sample. These ions are then separated on the basis of 
their mass-to-charge ratio (m/z) via a mass analyser. The results are then 
detected and displayed in a mass spectrum. Once the sample has been introduced 
to the mass spectrometer there are several different ways the ions can be 
separated based on their mass such as a Time-of-Flight analyser (Goudsmit, 1948) 
or a Quadrupole mass filter (Paul and Steinwedel, 1953). There are a large range 
of different mass spectrometers; however, the main components of a mass 
spectrometer are the same and shown in Fi below. 
 
                     
 
Figure 1-3 Schematic diagram of the major components of all mass spectrometers 
 
Once the sample is introduced into the inlet of the mass spectrometer, the 
compounds in the sample are ionised to generate gaseous ions from the analyte 
molecules. Subsequently these ions are separated under vacuum according to their 
m/z in the mass analyser and sent to the detector. A mass spectrum can then be 
produced using the instrument software. Afterwards, data processing can be 
performed, one of the most important steps as it allows the data to be interpreted 
and the time taken is dependent on the complexity of the sample (Kellner et al., 
2004). 
 
Inlet Ion Source 
Mass 
Analyser Detector 
Instrument 
Control and 
Data Acquisition 
Data Output and Processing Vacuum System 
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 History of mass spectrometry 
Early attempts at mass spectrometry began in 1886 with Eugen Goldstein using 
cathode rays. Goldstein observed that electrons were moving from a negatively 
charged cathode toward the positively charged anode, which emitted another ray 
traveling in the other direction, called a canal ray. Wilhelm Wien furthered his 
work, studying ionised gas and discovering the proton. This was a step towards 
measuring the mass-to-charge ratio of electrons with strong electric and magnetic 
fields. JJ Thomson refined these techniques and was credited with the discovery 
of electrons and using their positive charge in the development of the mass 
spectrometer in 1898 (Sparkman, 2003). 
One of the first high resolution mass spectrographs was developed by Thomson’s 
student F. W. Aston in 1919 (Münzenberg, 2013). The instruments used 
electromagnetic focusing, subsequently enabling the identification of 212 
naturally occurring isotopes, for which he received a Nobel Prize. In 1937, Aston 
constructed a spectrograph with a resolving power of 2000, which can distinguish 
two ions with a small difference in their mass-to-charge ratio. Modern instruments 
can achieve a resolving power of several orders of magnitude greater.   
Modern mass spectrometers are often hybrid instruments that utilise several m/z 
separation devices, such as the quadrupole mass filter, linear ion trap, Orbitrap, 
and time of flight (TOF). Some examples from Thermo Scientific instruments are: 
the Orbitrap Elite TM, which contains two quadrupole mass filters, an Orbitrap mass 
analyser, and higher-energy collision dissociation (HCD) cell; or the Orbitrap 
Fusion Tribrid TM, which contains a quadrupole mass filter, Orbitrap mass analyser 
and linear ion trap; and the Q Exactive TM, which contains a HyperQuad mass filter 
quadrupole, Orbitrap mass analyser and HCD cell (Eliuk and Makarov, 2015).  
 Quadrupole mass filter 
The quadrupole mass filter is a component of many modern mass spectrometers, 
invented by Wolfgang Paul in 1953 (Paul and Steinwedel, 1953). Ions are separated 
based on the ion path through two pairs of linked metal rods when oscillating 
electric fields are applied to the rods. The quadrupole works by application of a 
DC offset voltage (where positive DC voltage is applied to one set of rods and an 
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equal negative voltage is applied to the other), along with a Radio Frequency (RF) 
applied to both sets of rods. In application of the DC offset voltage, the ions 
trajectory will spiral through the centre of the quadrupole with different 
stabilities, depending on their m/z.  
In order to select an ion for detection, stabilised ions will have a trajectory that 
sends them directly through the filter; however destabilised ions will collide with 
one of the metal rods (see ). An ion with an m/z greater than that selected will 
have a small spiralling path through the centre of the quadrupole, resulting in an 
unstable trajectory, whereas an ion with an m/z smaller than that selected will 
have a large spiralling path and will quickly collide with one of the rods (Miller 
and Denton, 1986). 
 
 
Figure 1-4 Schematic diagram showing the ion path of a stable trajectory through the four metal 
rods of the quadrupole with a DC offset voltage 
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 Orbitrap TM MS 
The Orbitrap mass analyser, based on the Kingdon ion trap (Kingdon, 1923), was 
invented by Makarov in 1999 (Makarov, 2000), and was made commercially 
available in 2005 (Hu et al., 2005). It has a coaxial ‘spindle-like’ electrode inside 
that traps ions in an orbital motion between two symmetrical outer electrodes. 
The Orbitrap can be thought of as a modified quadrupole ion trap. However, the 
Orbitrap utilises static electrostatic fields with a constant DC voltage instead of 
dynamic electric field using radio frequencies.  
Once ions enter the Orbitrap, they oscillate around the central electrode at a 
frequency relative to their mass-to-charge value and can be imaged by the outer 
electrodes which contain receiver plates. Fast Fourier transform (FT) of this signal 
can then be used to generate a mass spectrum by converting the time domain 
spectrum into a frequency domain signal (Hu et al., 2005). 
A gas filled curved RF-only quadrupole, which has a C-shaped central axis, also 
known as a C-trap, is required to inject the ions into the Orbitrap. Once ions enter 
the C-trap, they lose energy as they collide with the nitrogen gas without any 
fragmentation. This results in the ions forming a thin, long thread along the curved 
axis of the C-trap. As the RF voltage is decreased and a high voltage applied across 
the trap, ions are dispersed into short packets of different m/z, which are forced 
orthogonally to the axis of the C-trap, where they leave via a slot and are focused 
through curved ion optics to the entrance aperture of the Orbitrap mass analyser 
as shown in  (Makarov et al., 2006). 
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Figure 1-5 The C-trap (top right) directs packets of ions based on their m/z through curved ion 
optics and into the entrance aperture of the Orbitrap. The Orbitrap (bottom right) consists of a 
central spindle-like electrode and outer shell electrode which the ions orbit. The split shell outer 
electrode acts as both a source of DC voltage and a detector. The ions are pushed towards the 
centre of the inner electrode because of strong electrostatic fields at the ends of the trap. The 
image current from the ions is detected as a time domain signal, a mass spectrum is generated 
through Fourier transforms.  
 
Once the ion packets enter the Orbitrap mass analyser, they experience strong 
electrostatic fields. This sets them in a circular orbit between the central 
electrode and the outer shell electrode with an axial oscillation proportional to 
their m/z. The ion packets spread over the central electrode and form a thin 
rotating ring. The DC voltages are then stabilised and the detector plates on the 
split outer electrodes create a time domain based spectrum, which then 
undergoes FT to create a mass spectrum, as shown in  (Hu et al., 2005; Perry et 
al., 2008). 
 Exactive mass spectrometer 
The Thermo Scientific ExactiveTM OrbitrapTM Mass Spectrometer (Thermo 
Scientific, CA, USA) is an instrument that utilises the Orbitrap mass analyser. It 
was one of the first high resolution, accurate mass instruments (HR/AM) and is 
capable of obtaining data at a high mass spectral resolution of up to 140,000 
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FWHM, with a mass accuracy of <1 ppm (Michalski et al., 2011). The Exactive 
allows for the screening of unknown compounds with high selectivity, making it 
ideal for the DESI interface (see section 1.6). The main components of the Exactive 
MS can be seen in . 
                    
                             
Figure 1-6 Schematic of the main components for the Thermo Scientific ExactiveTM OrbitrapTM 
Mass Spectrometer (Thermo Scientific, CA, USA) 
 
 
HR/AM instruments are able to measure the exact mass to several decimal places. 
The mass resolving power of an instrument can be defined as the capacity of the 
MS instrument to separate ions which have close m/z ratios (Junot et al., 2013). 
Resolving power can be defined by the following equation: 
𝑅𝑒𝑠𝑜𝑙𝑣𝑖𝑛𝑔 𝑃𝑜𝑤𝑒𝑟 =  ௠
୼௠ಷೈಹಾ
   
Where: m = the measured mass, FWHM = the full width of the peak at half its 
maximum height, Δm = width of an individual peak required for separation of two 
ion species at FWHM.  
FWHM is a measure used to calculate resolution and is the full width of the peak 
at half its maximum height, used by nearly all publications. High resolution mass 
spectrometry has advanced applications such as the ‘omics’ technologies e.g. 
metabolomics, lipidomics and proteomics (Burgess et al., 2011; Mann and 
Kelleher, 2008) and drug discovery (Sajic et al., 2014).  
High resolution mass spectrometry has allowed for identification of compounds in 
complex samples in these fields. It can be coupled with tandem mass spectrometry 
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for further fragmentation of the sample analytes, providing identifications 
without the requirement for chromatographic separation. This has allowed the 
development techniques such as DESI and DIMS. 
 Fusion mass spectrometer 
The Thermo Scientific Orbitrap FusionTM TribridTM Mass Spectrometer (Thermo 
Scientific, CA, USA) is a hybrid instrument that combines quadrupole, Orbitrap 
and ion trap mass analysers (Figure 1-7 ). It is capable of obtaining data at very 
high (MSR) of up to 500,000 FWHM, with a mass accuracy of <1 ppm (Eliuk and 
Makarov, 2015). It can analyse challenging samples of very low abundance and 
high complexity quickly, therefore identifying more compounds. This is essential 
when working with historic manuscripts, as it requires little material, making any 
destruction to the manuscript during sampling minimal. 
 
 
Figure 1-7 Schematic of the main components for the Thermo Scientific Orbitrap FusionTM 
TribridTM Mass Spectrometer (Thermo Scientific, CA, USA) 
 
The ultra-high-field Orbitrap mass analyser, introduced in 2011, can double the 
operating frequency of the first commercially available Orbitrap mass analysers. 
The Orbitrap Fusion system is capable of inducing fragmenting of molecular ions 
at any level of MSn, generated by the collision induced fragmentation (CID) and 
electron induced fragmentation (ETD) methods. Detection of higher-energy 
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collisional dissociation (HCD) fragmented ions can be performed in both the ion 
trap mass analyser for high sensitivity and Orbitrap mass analyser for highest MSR. 
1.5 Ambient ionisation techniques 
There is a vast array of ambient ionisation techniques available. In ambient 
ionisation, ions are formed from the sample in an ion source outside of the mass 
spectrometer. The benefit of these techniques is that there is very little sample 
preparation. Minimal preparation allows the analysis to be performed rapidly and 
generally with very little destruction of the material, as most sample preparation 
methods will involve an extraction. Ions can be created by desorbing or extracting 
analytes from the sample and ionising by chemical ionisation or by laser 
desorption. Post ionisation, they are transported into the inlet of the MS. In the 
next sections, some of the developments and different ion sources available, along 
with their potential applications to document analysis, will be discussed. 
 Direct analysis in real time (DART) 
DART was developed in 2002 by Cody and Laramee (Cody et al., 2005), operating 
by directing a flow of excited and ionised gas, such as nitrogen, towards the inlet 
of a mass spectrometer. The sample is placed in this gas stream and material is 
ablated from the surface.  
 
 
Figure 1-8 Schematic of a DART source showing the main components and the sampling area 
between the source and the MS inlet. 
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DART is operated by generating a glow discharge, a plasma formed by an electric 
potential being applied to the gas by the needle electrode of 1 to 5 kV, which is 
then heated up to a temperature of 550 0C depending on the sample. The stream 
of ionised gas then passes through a grid electrode and ablates the sample analytes 
from the surface for the analysis of solid samples, although it can also be used for 
liquid and gaseous samples by spraying them into the DART gas stream as shown 
in Figure 1-8  (Cody and Dane, 2010). Samples must be carefully placed flat in the 
sample gap so that it does not prevent the ionised gas from entering the MS inlet, 
but still within the gas stream, meaning that samples must generally be small. 
Writing inks have been differentiated using DART in research by Jones et al. (2006) 
whereby 43 black and blue ballpoint, fluid, and gel inks were sampled. Although 
no visible alteration using a low powered microscope was observed, there would 
be a concern that by exposing a sample to a gaseous plasma, photobleaching could 
occur. The size of the samples that can be introduced is also a limitation as the 
sample gap is only a few centimetres wide and therefore analysing large 
documents or books would be a challenge. In this research they used a mounting 
cylinder with small strips of sample attached when introducing to the ionising 
beam, although it is possible to carefully hold the sample in place. 
 Electrospray-assisted laser desorption ionisation (ELDI) and 
laser ablation electrospray ionisation (LAESI) 
ELDI and LAESI both operate in a very similar way. There is however one 
fundamental difference, where ELDI uses ultra-violet (UV) and LAESI uses infra-
red (IR) laser light. In LAESI the sample must have sufficient water content in order 
for IR laser ablation, and for that reason it is more suited for biological samples 
as documents are not a water-rich source. The laser generates gaseous particles, 
which are then ionised via interactions from the charged electrospray droplets 
(Figure 1-9 ). 
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Figure 1-9 Schematic of a LAESI / ELDI source showing the main components and the sample 
ionisation procedure. A laser is focused onto the sample, which generates gaseous particles, which 
are then ionised via the electrospray jet, and focused into the mass analyser. 
 
 
LAESI has been used as an imaging technique to interrogate the spatial 
distributions of metabolites in zebra plant leaves including depth profiling (Nemes 
et al., 2008) and the metabolic analysis of single cells in plant tissues to gain a 
better understanding into cell differentiation and diseases (Shrestha and Vertes, 
2009). LAESI has also been used to perform molecular imaging of brain tissues for 
lipidomics and metabolites (Shrestha et al., 2010). It has not been used for the 
interrogation of documents; however, it could be useful if recent water damage 
had occurred for the early detection of bio-fouling. 
ELDI has been applied to document examination for characterisation of chemicals 
in ballpoint pens, gel-ink pens, and inkjet printer ink. It has minimal damage to 
the questioned document when looked at under a magnifying glass. It was found 
that not all compounds in the inks were detectable and dye and polymer ions were 
the most prominent ion signals (Cheng et al., 2010; Weyermann et al., 2007). ELDI 
has no limitations in the size of documents that can be analysed, providing that 
the stage geometries allow for large items such as books to be placed under the 
laser. 
Matrix-assisted laser desorption electrospray ionisation (MALDESI) operates in the 
same way as ELDI and LAESI, except a matrix is applied to the surface in order to 
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obtain a greater signal. The matrix used for the analysis of textile fabrics and dyes 
by Cochran et al. (2013), was water with IR laser ablation. Water produces a low 
background signal and therefore does not interfere with the mass spectrum 
greatly. The water matrix absorbs the laser energy, thus facilitating the 
desorption of dye molecules for post ionisation by ESI. In tissue analysis it has been 
shown that ice as a matrix can give the highest sensitivity (Robichaud et al., 2014). 
In document analysis, however, MALDESI may not be suitable given that adding 
sizeable quantities of water to the surface will almost certainly impact on the 
visual appearance. 
 Liquid extraction surface analysis (LESA) 
LESA is a solvent micro-extraction method using Advion TriVersa Nanomate 
technologies. LESA is performed by taking extraction solvent from the reservoir 
(typically 1 to 2 µl) into a disposable pipette tip, then the tip moves over the 
selected part of the sample and the extraction solvent is dispensed onto the 
sample surface to extract analytes from the surface, whilst remaining contact with 
the pipette tip. The solution is then retracted and engaged with the ESI chip, then 
a high voltage is applied and nano-electrospray initiated to spray ions into the MS 
(Eikel et al., 2011), shown in Figure 1-10 . LESA forms the basis for our direct 
infusion MS (DIMS) method described in section 2.5. 
In LESA the sampling area is confined to what can fit in the sample holder and is 
therefore, not best suited to document analysis. It has been commonly applied to 
biological tissue analysis and bacterial colonies growing on agar plates, (Sarsby et 
al., 2015; Schadt et al., 2012) and dried blood spot analysis (Griffiths et al., 2015). 
LESA can also be used for coupling thin layer chromatography (TLC) plates to MS 
(Himmelsbach et al., 2014), but the surface of the TLC plate must be hydrophobic 
to ensure that the solvent is not soaked up by the plate surface.  
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Figure 1-10 Schematics for the operation of LESA. A) Solvent is drawn from the reservoir into the 
disposable pipette tip. B) Solvent is eluted from the tip and held on the sample surface. C) Analytes 
are extracted directly from the surface into the solvent. D) Sample is directed into the mass 
analyser by chip-based nanospray MS. 
 
 Nanospray desorption electrospray ionisation (Nano-DESI) 
In Nano-DESI, an analogue method to DESI, described in section 1.6, sample 
analytes are extracted via a solvent microextraction and capillary action. Nano-
DESI operates by directing charged solvent onto the sample surface, forming a 
solvent bridge between the two capillaries. The sample analytes are extracted 
and the solvent is then aspirated into the Inlet of the mass spectrometer (Roach 
et al., 2010) as shown in Figure 1-11 . This method is expected to improve sampling 
efficiency when compared to DESI, as it eliminates splashing of the solvent on the 
sample surface and gives greater control of the area sampled. The Dorrestein 
research group, who first used Nano-DESI, concluded that there is no need for no 
sample preparation, and there is increased sensitivity of the chemical signals 
obtained due to the small volume of the extraction droplet at the liquid bridge 
(Watrous et al., 2013). 
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Figure 1-11 Schematic of Nano-DESI set up showing two capillaries, liquid junction, mass 
spectrometer inlet and where the electrospray voltage is applied. 
 
Nano-DESI has been primarily used for profiling living bacterial colonies directly 
from the petri dish (Watrous et al., 2013). It is ideally suited to this as the forces 
acting upon the sample are minimal as a solvent microextraction is being 
performed, so no gasses are being directed at the sample. In document analysis, 
this could be beneficial as very minimal or no destruction to the document would 
likely occur. The major disadvantage of this method for document analysis would 
be that the sample must be nearly touching the capillaries at an exact distance, 
therefore the sample stage would require a great deal of control. 
 Easy ambient sonic spray ionisation (EASI) 
EASI was first described by Haddad et al. (2006) and is also known as desorption 
sonic spray ionisation (DeSSI). The instrumental set up of the EASI source is very 
similar to that of DESI, except that no high voltages are applied to the solvent 
spray. In sonic spray ionisation (SSI) methods, ion formation occurs during droplet 
formation in the supersonic pneumatic spray due to an unbalanced charge 
distribution at atmospheric pressure. EASI is therefore a gentler ionisation 
method, leading to less fragmentation and has been reported to produce cleaner 
and more stable mass spectra. 
Nanospray Capillary 
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EASI has been applied to document analysis and was able to collect ‘fingerprints’ 
of the characteristic dye profiles for different inks that had been artificially aged. 
In this analysis, they were able to create a reliable chemical clock for the 
degradation products of ballpoint inks (Lalli et al., 2010). EASI has also been used 
for the analysis of analyte spots on a Thin Layer Chromatography (TLC) 
successfully, demonstrating that it was able to be used for the analysis of semi-
polar compounds on the surface in the m/z range of 80 to 1000 (Haddad et al., 
2008).  
EASI could therefore be another suitable method for analysing the historic 
manuscripts. It is a very simple to set up and a gentle method for ionising 
compounds by ambient mass spectrometry. Analytical performance may, 
however, be compromised as EASI is capable of creating uncharged droplets, 
which may not be detected in the mass spectrometer. DESI is therefore likely to 
give greater chemical information, although it is a more complex method to set 
up and optimise effectively (Haddad et al., 2008). 
 
1.6 Desorption electrospray ionisation (DESI) 
DESI is a complex ambient ionisation technique which was developed by Cooks 
research group in 2004 (Takáts et al., 2004). It was established in an attempt to 
allow ionisation of samples outside of vacuum regions, which can greatly restrict 
the size of sample being analysed and has since become a popular ionisation 
method due to its versatility. DESI directly desorbs sample analytes from a surface 
under ambient conditions using electrospray ionisation (ESI). 
 Ionisation mechanisms 
The mechanism by which sample analyte ions are formed has been studied and is 
dependent on the type of sample being analysed. In DESI, the sample is placed 
under an electrospray of charged liquid droplets, usually a methanol and water 
solution and a gas jet. The desorbed ions are then directed into the mass 
spectrometer via an extended ion transfer line, shown in Figure 1-12 . 
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Figure 1-12 Schematic of the DESI set up, showing the main components of the source where, α; 
in the incident angle of the spray plume and β is the collection angle of the desorbed ions.  
 
The desorption and ionisation of sample analytes is influenced by a wide range of 
factors and is both samples and surface specific. It can be described by two 
different mechanisms. In research by Takáts et al. (2005) they proposed two 
subgroups in which analytes can be ionised; Electrospray ionisation (ESI) analytes 
and atmospheric pressure chemical ionisation (APCI) analytes, shown in Figure 
1-13 . 
In the ESI group, the ion formation mechanism is performed by charged droplets 
containing the analyte species. Initially, when the charged solvent spray droplets 
impact with the sample surface, the droplet spreads over the surface to a 
diameter up to 10 times that of the original droplet. This is called “surface 
wetting” (Venter et al., 2006). A liquid film is formed where surface analytes are 
extracted into solvent, where further droplet collisions lead to secondary analytes 
containing droplets to leave the sample surface. This is called the “splashing 
mechanism”. These steps can take up to 10 seconds to occur, and therefore a 
reduced signal will be observed initially in the mass spectra produced (Dixon et 
al., 2007). Some of the net charge of the droplets may be lost to the sample 
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surface; therefore, the secondary droplets will have a lower charge than that of 
the original droplet. The ionisation of the secondary droplets takes place through 
solution-based transfer events and coulombic effects. Ionised sample analytes are 
then transferred into the mass spectrometer interface by the gas jet of the spray 
and the forces from the vacuum from the MS inlet (Takáts et al., 2005). 
 
Figure 1-13 Optimal combination of spray impact angle and spray position for different compounds 
proposed by Takáts et al., 2005 
 
In the APCI group, the ion formation is a vapour phase ionisation process, suited 
for more volatile and low molecular weight molecules. Ionisation occurs when the 
potential difference between the charged sprayer and sample surface exceeds 2 
kV. A charge transfer occurs between the solvent ions and the sample analyte 
molecules in a gas-phase ion-molecule reaction (Takáts et al., 2005). 
 DESI source geometry 
The correct source geometry and electrospray parameters are the key features of 
DESI experiments, as it can greatly impact the ionisation and efficiency of the 
technique. As each lab-built DESI source will have differences in design, it is vital 
to optimise the parameters to suit each individual source. 
 
ESI analytes 
APCI analytes 
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Figure 1-14 Schematic of a DESI source highlighting parameters that require optimisation. 
 
The angle of the nebuliser capillary delivering the electrospray onto the sample 
surface can be an important issue to consider. The optimal angle marked as α in 
Figure 1-14  can be different depending on the type of sample (biological or non-
biological) and whether positive or negative ion mode is used. Non biological 
samples in positive ionisation mode have been reported to be less sensitive to this 
parameter without significantly weakening the quality of the spectra (Bodzon-
Kulakowska et al., 2014). The angle marked as β has been shown to have less 
importance on spectrum formation, possibly due to the suction force of the MS 
inlet. 
The nebulising capillary distance, marked as d1 in Figure 1-14  must be optimised 
along with the spray parameters and is dependent on the type of sample being 
analysed. Therefore, for each type of sample this should be optimised prior to 
analysis. The distance between the nebulising capillary and MS inlet (d3) must not 
be too close as to cause electric arc ignition due to the high voltages, which can 
cause the mass spectrum to vanish. Using a shorter distance may require a lower 
voltage to be used. Ranges between 4 to 7 mm have been found to be optimal for 
this parameter (Bodzon-Kulakowska et al., 2014). The mass inlet to sample 
distance (d1) should be no more than 2 mm and shorter distances can give a more 
stable and sensitive spectra of less than 1 mm. 
α β d1 d2 
d3 
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The spray parameters must be optimised depending on the sample type being 
analysed. The capillary protrusion from the nebuliser capillary, however, has been 
shown to be of great importance and should be about 0.5 mm. If the capillary 
protrudes too far then a complete loss of signal may occur as the Taylor cone 
cannot be properly formed (Abbassi-Ghadi et al., 2015). The gas pressure is 
dependent on the design of the DESI source; however, it should be high enough to 
allow for proper drying of the sprayed solvent. But if it is too high, then spectrum 
reproducibility may be poor (Bodzon-Kulakowska et al., 2014). A spray solvent 
flow rate of 1 to 2 µl and of methanol: water (1:1) composition has been found to 
be optimal in most DESI experiments. It can, however, can be altered depending 
on the sample type (Badu-Tawiah et al., 2010). 
 
1.7 Overview of non-mass spectrometry Techniques 
Non-mass spectrometry techniques, such as Raman microscopy and X-ray 
fluorescence (XRF) spectrometry, have been widely investigated for the 
investigation of writing inks from historical manuscripts. These are both reported 
to be non-destructive techniques. 
 XRF spectrometry 
XRF is able to give qualitative and quantitative information on a wide range of 
different materials such as pigments, metals and glass (Hahn et al., 2005), as well 
as iron gall inks on historic manuscripts (Hahn et al., 2004; Klockenkämper et al., 
2000). 
XRF is performed by bombarding a sample with high-energy X-rays, which excites 
sample atoms, followed by the emission of photons. The energy of the emitted 
photons are characteristic to a specific element, and quantification can be 
achieved by determination of the number of emitted photons (Streli et al., 2017). 
In research by Hahn et al. (2005) using micro-XRF, ink “fingerprints” were used to 
characterise between various iron gall inks used by different artists from the 17th 
century. XRF enabled them to establish the types of iron gall inks used by the 
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author over time, and it was suggested that it could be used for authentication 
purposes. 
XRF spectrometers can be portable, allowing quick investigation of artefacts 
without the need to remove them from their environment into the laboratory. 
There are, however, limitations in that it is most suited to the analysis of metal 
complexes, and therefore some samples will be less suited to XRF analysis as full 
chemical information will not be achievable. 
 Raman microscopy 
Raman Microscopy has been previously used for the analysis of a wide variety of 
inks and pigments, including carbon based and Iron Gall inks on historic 
manuscripts (Brown and Clark, 2004; Burgio et al., 2010; Lee et al., 2006). Raman 
Microscopy is capable of identifying the chemical composition of a sample’s 
surface, by the excitation of molecules via a laser source at different wavelengths. 
It is ideal for the analysis of historic manuscripts because of its high specificity, 
sensitivity, reproducibility, spatial (approximately 1µm) and spectral resolution 
and non-destructive properties (Lee et al., 2008). 
In research by Lee et al. (2006), it was shown that different iron gall inks can give 
a different Raman spectra using a 782 nm laser. In the analysis of historic samples 
interference from the parchment due to fluorescence was observed and the signal 
intensity was compromised. 
Raman microscopy is able to successfully identify the presence of iron gall and 
carbon-based inks; however, it can be susceptible to interreferences from the 
parchment. It is therefore only able to provide limited chemical information about 
the paper and inks. 
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1.8 Aims and hypothesis 
As previously discussed, there can be great financial benefits for collectors of 
historic literature in confirming the authenticity of the works of art, as the 
originals can reach large sums of money at auction. The hypothesis of this project 
is therefore that we will be able to identify differences in the ion profiles of inks 
and papers, the manuscripts’ “fingerprints”, in both authentic Robert Burns 
manuscripts and those of his forgers.  
The overall aim of this research is to develop high resolution mass spectrometry 
methods for the profiling of inks and paper. In order to achieve this, the aims are 
as follows; 
 To engineer a purpose-built DESI source for the spatial analysis of 
manuscripts (Chapter 3). 
 Method development and subsequent optimisation of the DESI source for 
the detection of 18th and 19th century inks (Chapter 4). 
 To gain a greater understanding of the capabilities of the purpose-built 
DESI source for imaging and different sample types (Chapter 4). 
 Finally, to provide chemical information via high resolution mass 
spectrometry as to the inks that Robert Burns and his forgers used by 
generating a “fingerprint” of their manuscripts using DIMS (Chapter 5).
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2.1 Preparation of inks for testing 
The iron gall and ivory black inks were made using recipes that would have been 
used in the 18th century. Handmade writing paper (Millers Art Store, Glasgow) was 
used to write the various inks on for analysis, ink was allowed to dry for several 
minutes prior to testing.  
 Blots iron gall Ink 
Blots iron gall ink (Blots Pens, Newry) was purchased ready-maFde and described 
as an oak gall ink recipe by Giovambattista Palatino (1515 – 1575, Italy). The recipe 
is as follows; 
“To make ink, take three ounces of galls, which should be small, solid, and 
wrinkled, and crush them coarsely. Steep them in half a flask of wine or, 
better still, of rain-water and allow them to soak in the sun for a day or 
two. Then take two ounces of copperas (Ferrous sulphate) or Roman nitre 
of a good, rich colour and finely crushed. Stir the galls with a stick of fig-
wood and add them in, leaving the mixture in the sun for a further day or 
two. Now, stirring the mixture up again, add an ounce of gum-Arabic, which 
should be clear, lustrous, and well-ground. Leave for a whole day. To make 
it nice and bright, add a few pieces of pomegranate peel and bring to the 
boil over a very slow fire; then strain it and keep it covered up in a glass or 
a lead container; and it will be perfect. “ 
Osley, A.S. (1980). Scribes and Sources. London (Osley, 1980) 
 Homemade iron gall ink 
A simple iron gall recipe was found on irongallink.org using recipe 2, taking about 
4 hours to prepare, the recipe was adapted slightly as follows: 
2 g of oak galls (Walking Stick Supplies, Devon) were crushed and 150 ml of water 
was added, stirred and gently heated on a stirring hot plate for approximately 2 
hours. Care must be taken to ensure that the solution does not boil or become dry 
and burn, throughout the heating by adding further water as necessary. Once 
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cooled this solution was then filtered through Whatman No.1 (GE Healthcare, USA) 
and 1 g of Iron Sulphate (Sigma-Aldrich, Bornem, Belgium) was added to give a 
deep black colour. 35 ml of this solution was then diluted to 50 ml using a ready-
made gum Arabic solution (Winsor & Newton, London, UK) to give an ink of 
appropriate constitution. 
 Simple ivory black ink 
A very quick and simple ink to prepare, however requires stirring periodically 
whilst using as the ink will settle out to the bottom. 1 g of Ivory Black (Kremer 
Pigment GmbH) was ground with a pestle and mortar with 10 ml of gum Arabic 
solution (Winsor & Newton), this was then diluted to 25 ml with water to give a 
solution of the correct consistency. Must be shaken thoroughly prior to use.  
 Ivory black ink made with treacle 
This is perhaps one of the most involved inks and was transcribed from a 17th – 18th 
century book, the recipe is as follows;  
“Directions for making Blacking given to me by W Francis Linn Draper 
Holnorn, next door but one to the Great [Turnstile], says it’s the same Day 
of Martins. ¼ lb Ivory Black, ½ table spoonful Dripping, 1 Oz Oil Vitriol, ¼ 
lb treacle, 1 pint Stale Table Beer or then add vinegar & stir well up, then 
add Oil Vitriol & stir all well together.”  
Unknown Author (circa. 1800), titled ‘Ink Recipes’ (Unkown, n.d.) 
The recipe was adapted as follows: 10 g Ivory Black (Kremer Pigment GmbH), 1 g 
Britannia beef dripping (Nortech Foods Ltd, UK) and 10 g Lyles’s black treacle 
(Abram Lyle and sons, UK) was measured into a 250 ml beaker along with 50 ml 
Stale Beer (St Peter’s Best Bitter, Bungay, UK) and stirred well on a stirrer plate 
for half an hour, then 2 ml Sulphuric acid (Sigma-Aldrich, Bornem, Belgium) was 
added and stirred for a further 10 minutes. The solution was then left to stand 
and any fat deposits were skimmed from the top before storing. 
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 Pen inks 
Four common inks, available for purchase in many retail outlets today, were 
selected for comparison and method optimisation purposes as follows; black biro 
pen (Bic, Clichy, France), black permanent marker pen (Sharpie, Georgia, USA), 
black fountain pen (Parker, Sussex, UK) and red permanent marker pen containing 
rhodamine 6G (Sharpie, Georgia, USA). 
 
2.2 Preparation of milk and amino acid samples 
 Milk Sample 
No pre-sample preparation was performed. 250 µl of whole cow’s milk was 
pipetted onto a microscope glass slide (75 mm x 25 mm) and allowed to completely 
dry for 2 hours under ambient conditions before analysis. 
 Amino Acid Array 
A microscope glass slide (75 mm x 25 mm) was divided into 24 equal sections 
measuring 5 mm x 6.25 mm leaving a small border around the perimeter of the 
glass slide as shown in Figure 2-1. 
 
 
Figure 2-1 Division of the glass slide (75 mm x 25 mm) for the amino acid array into 24 equal 
sections (5 mm x 6.25 mm) 
 
5 mm 
12.5 mm 
75 mm 
25 mm 
Chapter 2 Methods and Materials  37 
  
The following amino acids, all from Sigma-Aldrich (Steinheim, Germany) were 
analysed; Aspartic Acid, L-Methionine, L-Arginine, L-Asparagine, L-Cysteine, L-
Glutamic Acid, L-Threonine, L-isoleucine, L-Leucine, Glycine, L-Ornithine, L-
Phenylalanine, L-Proline, L-Serine, Tryptophan, Hydroxy-L-Proline, L-Homoserine, 
L-Glutamine, L-Alanine, L-Arginine, L-Histidine, Glycine and L-Valine. Stock 
solutions, at a concentration of 1 mM, were made of each amino acid by dissolving 
the appropriate amount of each in 2 ml of 1 M Hydrochloric acid (Sigma-Aldrich). 
All the stock solutions were then diluted to 0.1 mM with deionised water and 5 µl 
of the diluted solution pipetted onto the glass slide of each in the locations listed 
in Figure 4-6.  
 
2.3 XY sample stage 
The XY sample stage was constructed using sheets of A4 4 mm acrylic (kitronik, 
Nottingham, UK), 150 mm long and 4 mm in diameter metal rods (Technobots, 
Warwickshire, UK), 150 mm M3 threads (Technobots), super glue (Gorilla, Ohio, 
USA) and two 28BYJ-48 geared unipolar stepper motors (Elgoo, China). 
The motors were controlled using an Arduino (Arduino Open Source) with the 
Adafruit motor shield v2.3 (Arduino Open Source) using Arduino Software (version 
1.5.8). 
The full design and construction process of the XY stage along with figures is 
detailed in sections 3.4.1 to 3.4.4. 
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2.4 DESI instrumentation parameters 
The following sections detail the methods and parameters used for the DESI 
experiments performed. The different solvent compositions that were used are 
detailed in Table 2-1.  
Solvent Composition 
Solvent A HPLC grade methanol (VWR, Chicago, USA) + 0.08 % Formic Acid  
Solvent B HPLC grade deionised water (VWR) + 0.08 % Formic Acid 
Solvent C 20 mM Ammonium Carbonate adjusted to pH 9 with Sodium 
Hydroxide 
Table 2-1 Solvent compositions used for the DESI experiments. 
 
 Initial rhodamine 6G experiments 
The first prototype of the lab-built DESI source (in Figure 4-2) was set up using the 
following DESI source parameters shown in Table 2-2. Solvent flow rate was 
controlled by using a syringe pump. 
DESI Source Parameters Value Units 
Sprayer to sample surface distance, d1 2 mm 
MS inlet to sample surface distance, d2 1 mm 
Sprayer to MS inlet distance, d3 4 mm 
Angle of sprayer to sample, α 50 degrees 
Solvent flow rate 2 µl/min 
Gas pressure 6 bar 
Electrospray Voltage +3 kV 
Solvent used 50 % Solvent A, 50 % Solvent B 
Table 2-2 DESI source parameters for the initial rhodamine 6G experiments 
 
The DESI source was coupled with a Thermo Scientific Velos Pro Orbitrap Elite 
system (Thermo Scientific, Hemel Hempstead, UK). Acquisition was carried out in 
positive ionisation mode. The capillary temperature was 220 oC with a data 
acquisition mass range of 150 – 2000 m/z. Thermo XcaliburTM was used for 
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instrument control and data acquisition. The Raw data file was examined using 
the Quan Browser software, part of the Thermo XcaliburTM (version 3.0.63) suite. 
 Imaging ‘Polyomics’ in rhodamine 6G 
The initial lab built DESI source (in Figure 3-4) was used and set up with the 
following DESI source parameters shown in Table 2-3. Solvent flow rate was 
provided by the pump on a Thermo Scientific Ultimate 3000 RSLC system (Thermo 
Scientific, CA, USA), using a flow splitter at a ratio of 1:56. The pump was set to 
a flow rate of 84 µl/min, providing a flow rate to the DESI source sprayer of 1.5 
µl/min. 
DESI Source Parameters Value Units 
Sprayer to sample surface distance, d1 2 mm 
MS inlet to sample surface distance, d2 0.5 mm 
Sprayer to MS inlet distance, d3 5 mm 
Angle of sprayer to sample, α 55 degrees 
Solvent flow rate 1.5 µl/min 
Gas pressure 10 bar 
Electrospray Voltage +4 kV 
Solvent used 50 % Solvent A, 50 % Solvent B 
Table 2-3 DESI source parameters for the imaging experiment of rhodamine 6G 
 
The DESI source was coupled with a Thermo Scientific Exactive Orbitrap system 
(Thermo Scientific, Hemel Hempstead, UK). Acquisition was carried out in positive 
ionisation mode. The capillary temperature was 220 oC with a data acquisition 
mass range of 150 – 2000 m/z. Thermo XcaliburTM (version 2.2.42) was used for 
instrument control and data acquisition. The Raw data file was examined using 
the Quan Browser software, part of the Thermo XcaliburTM (version 3.0.63) suite. 
Imaging was performed by controlling the sample stage to move across the sample 
surface at a speed of 113 µm/s. A total area of 62 x 15 mm was imaged with a 
step size between lines of 1.25 mm and a total of 12 imaging passes of the DESI 
source in a serpentine pattern. Total imaging time was 112 minutes. 
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Raw data was converted to an image using the following steps. The slicer 
application (FT Programs, version 3.0) was used to trim the Raw file to create 
single files in .RAW format for each of the 12 imaging passes, the time take for 
the sample stage to move from one line to the next was excluded. MS Convert 
(version 3.0, Thermo Scientific) was used to convert the Raw files into .mzML 
format. In order for the files to be in the correct format for imaging the imzML 
converter tool (MS Imaging (Schramm et al., 2012)) to convert the .mzML files into 
.imzML format. The MSi reader tool (Keck foundation) could then be used to create 
the processed images. 
 Analysis of whole cow’s milk 
The initial lab built DESI source (in Figure 3-4) was used and set up with the 
following DESI source parameters shown in Table 2-4. Solvent flow rate was 
controlled by using a syringe pump. 
DESI Source Parameters Value Units 
Sprayer to sample surface distance, d1 1 mm 
MS inlet to sample surface distance, d2 0.5 mm 
Sprayer to MS inlet distance, d3 4 mm 
Angle of sprayer to sample, α 70 degrees 
Solvent flow rate 2 µl/min 
Gas pressure 10 bar 
Electrospray Voltage +4 kV 
Solvent used 70 % Solvent A, 30 % Solvent B 
Table 2-4 DESI source parameters for the analysis of whole cow’s milk 
 
The DESI source was coupled with a Thermo Scientific Velos Pro Orbitrap Elite 
system (Thermo Scientific, Hemel Hempstead, UK). Acquisition was carried out in 
positive ionisation mode. The capillary temperature was 300 oC with a data 
acquisition mass range of 150 – 2000 m/z. Thermo XcaliburTM was used for 
instrument control and data acquisition. The Raw data file was examined using 
the Quan Browser software, part of the Thermo XcaliburTM (version 3.0.63) suite. 
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 Analysis of amino acids 
The initial lab built DESI source (in Figure 3-4) was used and set up with the 
following DESI source parameters shown in Table 2-5. Solvent flow rate was 
provided by the pump on a Thermo Scientific Ultimate 3000 RSLC system (Thermo 
Scientific, CA, USA), using a flow splitter at a ratio of 1: 56. The pump was set to 
a flow rate of 112 µl/min, providing a flow rate to the DESI source sprayer of 2 
µl/min. 
DESI Source Parameters Value Units 
Sprayer to sample surface distance, d1 3 mm 
MS inlet to sample surface distance, d2 0.5 mm 
Sprayer to MS inlet distance, d3 5 mm 
Angle of sprayer to sample, α 55 degrees 
Solvent flow rate 2 µl/min 
Gas pressure 10 bar 
Electrospray Voltage +4 / -3.5 kV 
Solvent used 30 % Solvent C, 70 % Methanol 
Table 2-5 DESI source parameters for the analysis of amino acids 
 
The DESI source was coupled with a Thermo Scientific Exactive Orbitrap system 
(Thermo Scientific, Hemel Hempstead, UK). Acquisition was carried out in positive 
and negative ionisation switching mode with scan times of 2.5 seconds for each 
ion mode. The capillary temperature was 300 oC with a data acquisition mass range 
of 70 – 1000 m/z. Thermo XcaliburTM (version 2.2.42) was used for instrument 
control and data acquisition. The Raw data file was examined using the Quan 
Browser software, part of the Thermo XcaliburTM (version 3.0.63) suite. 
Imaging was performed by controlling the sample stage to move across the sample 
surface at a speed of 113 µm/s. A total area of 50 x 15 mm was imaged with a 
step size between lines of 2.5 mm and a total of 6 imaging passes of the DESI 
source in a serpentine pattern. Total imaging time was 46.5 minutes. Raw data 
was converted to an image using the steps detailed in section 2.4.2. 
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 Ivory black and iron gall ink analysis 
The initial lab built DESI source (in Figure 3-4) was used and set up with the 
following DESI source parameters shown in Table 2-6 and Table 2-7. Solvent flow 
rate was provided by the pump on a Thermo Scientific Ultimate 3000 RSLC system 
(Thermo Scientific, CA, USA), using a flow splitter at a ratio of 1: 56. The pump 
was set to a flow rate of 112 µl/min, providing a flow rate to the DESI source 
sprayer of 2 µl/min. 
DESI Source Parameters Value Units 
Sprayer to sample surface distance, d1 2 mm 
MS inlet to sample surface distance, d2 0.5 mm 
Sprayer to MS inlet distance, d3 5 mm 
Angle of sprayer to sample, α 55 degrees 
Solvent flow rate 2 µl/min 
Gas pressure 10 bar 
Electrospray Voltage +4 kV 
Solvent used 50 % Solvent A, 50 % Solvent B 
Table 2-6 DESI source parameters for the analysis of ivory black and iron gall ink in positive mode 
ionisation 
 
DESI Source Parameters Value Units 
Sprayer to sample surface distance, d1 2.5 mm 
MS inlet to sample surface distance, d2 0.5 mm 
Sprayer to MS inlet distance, d3 6 mm 
Angle of sprayer to sample, α 54 degrees 
Solvent flow rate 2 µl/min 
Gas pressure 10 bar 
Electrospray Voltage -3.5 kV 
Solvent used 50 % Solvent C, 50 % Methanol 
Table 2-7 DESI source parameters for the analysis of ivory black and iron gall ink in negative mode 
ionisation 
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The DESI source was coupled with a Thermo Scientific Exactive Orbitrap system 
(Thermo Scientific, Hemel Hempstead, UK). Acquisition was carried out in positive 
and negative ionisation in two separate analysis. In the analysis using positive 
ionisation mode ionisation the capillary temperature was 220 oC with a data 
acquisition mass range of 150 - 2000 m/z. In the analysis using negative ionisation 
mode ionisation the capillary temperature was 280 oC with a data acquisition mass 
range of 70 - 1400 m/z. Thermo XcaliburTM (version 2.2.42) was used for instrument 
control and data acquisition. The Raw data file was examined using the Quan 
Browser software, part of the Thermo XcaliburTM (version 3.0.63) suite. 
Imaging of the experiment in positive ionisation mode was performed by 
controlling the sample stage to move across the sample surface at a speed of 125 
µm/s. A total area of 61 x 10 mm was imaged with a step size between lines of 
1.25 mm and a total of 8 imaging passes of the DESI source in a serpentine pattern. 
Total imaging time was 66.4 minutes. Raw data was converted to an image using 
the steps detailed in section 2.4.2. 
Imaging of the experiment in negative ionisation mode was performed by 
controlling the sample stage to move across the sample surface at a speed of 125 
µm/s. A total area of 69 x 11 mm was imaged with a step size between lines of 
1.1 mm and a total of 10 imaging passes of the DESI source in a serpentine pattern. 
Total imaging time was 93.3 minutes. Raw data was converted to an image using 
the steps detailed in section 2.4.2. 
 Analysis of modern inks 
The redesigned lab built DESI source based on the Abbassi-Ghadi et al. (2015) 
source (in Figure 3-5) was used and set up with the following DESI source 
parameters shown in Table 2-8. Solvent flow rate was provided by the pump on a 
Thermo Scientific Ultimate 3000 RSLC system (Thermo Scientific, CA, USA), using 
a flow splitter at a ratio of 1: 56. The pump was set to a flow rate of 112 µl/min, 
providing a flow rate to the DESI source sprayer of 2 µl/min. 
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DESI Source Parameters Value Units 
Sprayer to sample surface distance, d1 2 mm 
MS inlet to sample surface distance, d2 0.5 mm 
Sprayer to MS inlet distance, d3 5 mm 
Angle of sprayer to sample, α 55 degrees 
Solvent flow rate 2 µl/min 
Gas pressure 10 bar 
Electrospray Voltage +4 kV 
Solvent used 70 % Solvent A, 30 % Solvent B 
Table 2-8 DESI source parameters for the analysis of modern inks 
 
The DESI source was coupled with a Thermo Scientific Exactive Orbitrap system 
(Thermo Scientific, Hemel Hempstead, UK). Acquisition was carried out in positive 
ionisation mode. The capillary temperature was 300 oC with a data acquisition 
mass range of 70 – 700 m/z. Thermo XcaliburTM (version 2.2.42) was used for 
instrument control and data acquisition. The Raw data file was examined using 
the Quan Browser software, part of the Thermo XcaliburTM (version 3.0.63) suite. 
 
2.5 Direct Infusion via pipette extraction 
The novel method used in chapter 5 named direct infusion mass spectrometry 
(DIMS) is detailed below. 
 Sample analyte extraction 
Analytes from the ink on the manuscript surface were extracted by placing a 
pipette tip just above the surface, with 2 µl of solvent (methanol: water 60:40 + 
0.08% formic acid), and pipetting up and down three times (as shown in Figure 
2-2) before transferring to a 1536 well microplate for analysis. Extraction was 
performed in triplicate using different areas for each separate extraction to 
collect enough sample and diluted to 8 µl using the same solvent. 
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Figure 2-2 Schematic of the sample analyte extraction for direct infusion analysis, where 2 µl of 
solvent is pipetted up and down three time on the sample surface. 
 
 
 Mass spectrometry instrumentation 
Direct infusion was performed using an Advion TriVersa nanomate (Advion, Ithaca, 
USA) set up for chip-based infusion, coupled to a Thermo Scientific Orbitrap 
FusionTM TribridTM Mass Spectrometer (Thermo Scientific, CA, USA) using a HESI 
interface (Thermo Scientific, Hemel Hempstead, UK). The ion transfer tube was 
set to 275 oC, RF lens 60% and maximum injection time of 50 ms. Fragmentation 
data was collected using quadrupole isolation at an HCD collision energy of 60 % 
and resolution of 150,000. 
 Data analysis 
The data analysis was performed with the help of Simon Rogers from the school 
of computing science at Glasgow University. 
Manual selection of significant peaks 
In total 94 significant differences of (Q < 0.05) of the discriminatory peaks were 
found when comparing the works of Burns and Smith of which 42 features were 
not seen in any solvent blank, these features helped create the chemical classifier 
for each author. Eight significant peaks were selected for further analysis, they 
10 µl pipette 
sample 
Solvent pipetted 
up and down 
three times 
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were chosen based on those that were of high intensity, not isotopic peaks derived 
from other compounds and only detected in the respective authors works. 
Interpretation of raw data 
Interpretation of the Raw data was performed by Dr. Simon Rogers (Computing 
Science, University of Glasgow). Vendor raw files were converted to mzML and 
centroided using Proteowizard’s MSConvert program (with the cwt centroiding 
algorithm). MzML files were processed in Python using PyOpenMS. In each file, 
(m/z, intensity) tuples were extracted using OpenMS’s mass trace detection 
algorithm (that finds m/z values that are consistently present across the injection 
period). Default parameter values were used for both the centroiding and mass 
trace detection. The resulting spectrum for each file was normalised to relative 
intensities by dividing by its total usable signal (total intensity), after which 
intensities were scaled by a factor of 1000. Peaks were aligned across the files 
using a greedy algorithm that sorted all peaks from all files by m/z and then moved 
along the m/z range collecting peaks into a peakset. A peakset was completed 
and the next peak placed in a new peakset when its m/z was more than 5 ppm 
away from the mean m/z value of peaks already in the peakset. If a file 
contributed more than one peak to a peakset, the most intense peak was retained. 
Differential expression analysis was computed across the experimental groups 
using a t-test on the log-transformed intensities, a small value (1e-5), was imputed 
into the missing values prior to logging. The resulting p-values were corrected 
using the Benjamin-Hochberg (Benjamin and Hochberg, 1995) false discovery rate 
correction method. 
Classification analysis 
Classification analysis was performed by Dr. Simon Rogers (Computing Science, 
University of Glasgow). After aligning all peaks detected across the complete 
sample set, hard margin support vector machine (SVM) classifiers were built 
including all peaks that were present in at least three spectra and absent in all 
blank spectra. Performance was evaluated using a leave-one-out cross validation 
scheme, however in this case all technical replicates of a particular sample were 
held out together to ensure that technical replicates from the same sample were 
Chapter 2 Methods and Materials  47 
  
not simultaneously in both training and test sets. The SciKit-learn implementation 
of the SVM was used with a radial basis function (RBF) kernel and automatic kernel 
parameter tuning. A receiver operator characteristic (ROC) curve was produced 
by combining the predictions from each cross validation iteration. 
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3.1 Aims 
Desorption electrospray ionisation has many challenges when aspiring to achieve 
accurate and repeatable experiments as there are many interchangeable 
geometric and operational factors which must be considered. The aims of this 
section are; 
 Design a sample stage for the analysis of larger items such as manuscripts 
with the ability to perform imaging via DESI. 
 Construct a working DESI source to attach to an Exactive (Thermo, Hemel 
Hempstead, UK) mass spectrometer for high resolution mass 
spectrometry. 
 Optimise the parameters of the source for optimal spray and geometry for 
the analysis of historic manuscripts. 
 
3.2 Introduction 
One of the most promising new technologies for the analysis of inks and paper is 
DESI-MS. This technique can provide detailed chemical information without any 
sample preparation and no visible damage to the documents and therefore should 
be an ideal technique for the analysis of historic manuscripts. DESI is an 
atmospheric mass spectrometry imaging (MSI) technique. DESI operates by 
directing charged liquid droplets and a high gas flow onto the surface of the 
sample at an angle relative to the sample surface which extracts analytes. The 
droplet impacts on the surface and offspring droplets are produced in a process 
known as jetting. Desorbed analytes from the surface of the sample and the gas-
phase ions are directed into the atmospheric sampling orifice of the mass 
spectrometer (Takáts et al., 2004) by coulombic effects and the dragging effect 
from the vacuum on the MS inlet. Parameters such as capillary protrusion, gas 
pressure, sprayer angle, source geometry (Figure 3-7), solvent flow rate and 
capillary voltage are all critical to producing a reproducible signal (Takáts et al., 
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2005). When considering DESI for manuscript analysis, it is important to use low 
solvent flow rates and to avoid keeping the solvent spray stationary on the 
documents, in order to minimise any damage caused. Insignificant splashes of ink 
from the quill can be used for analysis to minimise the risk of damaging the text. 
In comparison with other techniques such as Matrix Assisted Laser Desorption 
Ionisation (MALDI), DESI is more appropriate for the analysis of documents as it 
requires no matrix (a fine spray of crystallised molecules to be applied to the 
sample) and can be performed under normal atmospheric pressure. In previous 
research the DESI stage has been designed to accommodate sample sizes such as 
a slide, or a small section of tissue (Takáts et al., 2004). The design of the DESI 
source for this project must be such that large documents must fit on the sample 
stage. In order to achieve this an existing Proxeon ES Ion source (Proxeon, 
Denmark) was adapted, which is discussed in more detail during this chapter. 
Modern inks have been successfully analysed by DESI in analysis by Ifa et al. (2007), 
who were looking at documents that had been altered by the researchers using 
different blue ballpoint pens. They concluded that DESI was a fast and non-
destructive technique, the main limitation being the solvent composition, as 
multiple solvents and runs were required for identification of the different inks.  
Another method which is reported to be a non-destructive atmospheric ionisation 
technique is direct analysis in real time (DART) (Zhou et al., 2010). As described 
in section 1.5.1, DART is operated by holding the sample in an ionising beam of 
gaseous plasma of ions, which ablates material from the sample into the mass 
spectrometer inlet. In this research they were successful in characterising 43 
ballpoint and gel pen inks written on filter paper. One of the major downsides, 
however, is introducing large manuscripts to the sampling region is difficult, as it 
requires sampling is most accurately done from a mounting cylinder, although 
samples can be held carefully in place by hand, or using a sample holder (Jones 
et al., 2006).  
Raman spectroscopy has also been successfully used to identify pigments and inks 
on a paper surface, which is reported as a non-destructive technique as it uses 
low powered lasers (Lee et al., 2006; Burgio et al., 2010). Only very limited 
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chemical information, however, can be collected. In their research, they 
optimised a method at a laser excitation of 782 nm, which enabled them to obtain 
information about the composition of the tannin ingredients in the iron gall ink 
complexes. Raman spectroscopy encountered problems when analysing historic 
samples because the degradation of the iron gall inks can increase the 
fluorescence background observed. Fluorescence was therefore concluded as a 
method for measuring the degradation process of the iron gall ink, which could 
help conserve the manuscripts. 
Our lab-built DESI source was designed and constructed to try and get around 
spatial considerations of the sample size and in order to gain maximum chemical 
information about the historic manuscripts’ paper and ink compositions. 
 
 
3.3 Materials and methods 
Please refer to Chapter 2 section 2.3 for full detailed methods on this section. 
 
3.4 Results 
In this section, I will discuss some of the design concerns for the lab-built DESI 
source and the different stages in the process, for both the sampling constraints 
and developing an imaging platform for the DESI, along with how it was 
constructed. Optimising the DESI source can be a time-consuming process and 
these parameters are also discussed. 
 Building the XY sample stage 
In order to successfully analyse samples using the DESI source, the sample must 
be 0.5 to 2 mm from the MS inlet (Bodzon-Kulakowska et al., 2014), therefore 
being able to move the sample up and down on the sample stage (‘Z 
dimension’), would be beneficial. Our XY sample stage was mounted to the 
Proxeon ES Ion Source (Proxeon, Denmark) platform. This would ideally 
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incorporate a ‘Z’ dimension, however, space constraints do not allow for this 
with the current design. The MS inlet to sample distance can be altered by slight 
movements in the inlet tube shown in Figure 3-4 and Figure 3-5. 
 Design and construction of the Stage 
The XY stage was created using the following parts: a sheet of A4 4 mm acrylic; 
four 4 mm diameter metal rods (length, 150 mm) to act as a guide for the stage; 
two M3 threads and nuts as a guide; two geared unipolar stepper motors (28BYJ-
48) and super glue. 
The acrylic parts required can be seen in Figure 3-1; these were created using a 
laser cutter. The bottom stage parts A3 and C2 slot into the holes in A4, and the 
metal rods and M3 thread run through the holes underneath the sample stage with 
the motor mounted on A5. A similar method is used for constructing the top stage; 
however, part B2 slots over A4 and is held down with super glue. The spacers C1 
are used to hold the metal rods in place and keep the structure rigid.  
The unipolar stepper motors were altered to become bipolar motors. This was 
performed to increase the amount of torque the motor could output. A unipolar 
motor requires an extra wire in the middle of each coil as it operates only with 
positive voltage, whereas with a bipolar motor, all the current flows through the 
entire coil producing a stronger magnetic field to rotate the shaft (Unknown, 
2016). The 28BYJ-48 stepper motor was used, as it has a very high gear ratio of 
63.684:1 according to the Arduino forums and 64 steps per motor rotation, which 
therefore means there are approximately 4076 steps per full revolution (63.684 x 
64) (Бакалин et al., 2016). The disadvantage of having a very high gear ratio is 
that the motor will not rotate particularly quickly. This is not a problem for 
analysis, although a substantial amount of time is taken to move the sample stage 
back to the original position. The motor was connected to the M3 thread using a 
brass coupling. 
The XY stage was mounted to the Proxeon ES ion source platform using further 
acrylic pieces on the metal shafts, the finished stage can be seen in Figure 3-2. 
The Arduino, just out of view, was later mounted to the Proxeon ES ion source 
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platform. Attached to the Arduino is the Adafruit motor shield v2.3, which gives 
power to the stepper motors and allows control of them through simple coding. 
 
Figure 3-1 CAD of the required acrylic parts to make the XY sample stage. 
 
 
 
Figure 3-2 Finished stage mounted to the Proxeon ES Ion Source platform 
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 Programming the Arduino 
Arduino Code available freely for academic use at https://github.com by Dan 
Royer was modified for controlling the motors to move the XY stage in a serpentine 
pattern. Examples of the code used can be found in Appendix I.  
 Moving across the sample 
A serpentine pattern was chosen for moving across the sample because it is the 
most efficient method for imaging. The spray remains running in the y-direction 
shown in Figure 3-3. The Raw file is spliced when creating an image to only include 
that from the x-direction. 
 
Figure 3-3 Serpentine pattern used to move over sample, the distance in the X and Y direction can 
be altered depending on the sample. 
 
The Prosolia DESI source and some of the other home-made DESI systems operate 
by imaging over the sample, always going right to left, in the direction orthogonal 
to the MS inlet, with the sprayer going around the perimeter of the sample for 
each new line (Wiseman et al., 2008b, 2008a). This is the preferred direction for 
imaging to limit examining material that may have been previously contaminated 
from the previous row. Using the 28BYJ-48 stepper motors, this was not possible 
without nearly doubling the analysis time as the imaging is performed at nearly 
the motors’ full speed. In other research involving an interlaboratory study for the 
repeatability of DESI using Rhodamine B, they advised that participants used a 
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serpentine pattern, (Gurdak et al., 2014) as described in Figure 3-3, suggesting 
that for the analysis of inks this pattern may have little difference in the signal 
produced. 
 DESI source  
The design of the DESI source went through several stages during the project. DESI 
is a complex method with many considerations. Our lab-built source has been 
shown to be a success, however, as seen in the range of samples successfully 
analysed in Chapter 4. 
Initial prototype 
Initially the DESI sprayer was designed using parts that were readily available in 
the laboratory. The major difference between the design of our home-made DESI 
and many others is the long stainless-steel tube, which contains the solvent 
capillary. It was designed in this way to allow the voltage to be connected to the 
stainless-steel tube through a crocodile clip. It became quickly apparent that this 
was not suitable; therefore, a T-piece was used to deliver the voltage to the 
solvent via a liquid junction. 
It has been suggested that the long stainless-steel tube could cause issues with 
the stability of the spray obtained, thereby decreasing the sensitivity of the 
system, as it is very hard to get a consistent gas flow. 
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Figure 3-4 Photo of the initial DESI set up. A. Stainless steel capillary tube MS ion inlet. B. Sprayer 
Needle, I.D 510 µm with solvent capillary inside. C. XY sample stage and sample placement. D. 
Stepper motors to control the XY stage. E. Solvent flow using fused silica capillary with an I.D of 50 
µm (O.D 363 µm) through the T-piece. F. Sample spray voltage T-piece. G. Gas flow into T-piece.    
H. DESI sprayer XYZ holder. I. Arduino microcontroller.  
 
Redesigned DESI 
In order to improve the sensitivity of the DESI Source, the sprayer has been 
modified using the protocol detailed in Abbassi-Ghadi et al. (2015) and with the 
assistance of Dr Nicole Strittmatter at AstraZeneca, as shown in Figure 3-5. In the 
initial design of our DESI source, the long stainless-steel sprayer tip may have lost 
sensitivity in the system because the solvent spray could not be directed onto the 
sample effectively. This is likely due to ineffective orientation of the solvent 
capillary. The charge may also have been lost as the solvent junction where the 
voltage was applied was further from the sprayer tip.  
A Swagelok T-piece holder was 3D printed to hold the sprayer tip, along with a 
sprayer arm in order to affix the Sprayer onto the DESI source. In redesigning the 
DESI sprayer tip, it also allows for smaller ID gas capillary: 250 µm instead of       
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510 µm, therefore giving a finer spray on the sample surface and increased gas 
pressure, resulting in a smaller sampling size and better sensitivity.  
Orientation of the two capillary tubes can give a completely different spray 
pattern, and it has been found to also be critical in getting a reproducible spray. 
Whereas perfect coaxial orientation can be almost impossible, as the spray 
capillary is often touching the side of the gas capillary, you can alter the position 
easily to give a consistent elliptical spray. 
 
 
Figure 3-5 Photo of the new DESI set up. A. Stainless steel capillary tube MS ion inlet. B. Sprayer 
Needle, I.D 250 µm with solvent capillary inside. C. XY sample stage and sample placement. D. 
Stepper motors to control the XY stage. E. Solvent flow using fused silica capillary with an I.D of 50 
µm (O.D 150 µm) through the T-piece. F. Gas flow into T-piece. G. Sample spray voltage T-piece.    
H. DESI sprayer XYZ holder. I. Arduino microcontroller. 
 
The new design also enables the angle to be altered easily, as the sprayer holder 
can be rotated through 30° to 90°using the graduations on the mount, as shown 
in Figure 3-6. 
 
 
 
A. 
 
 
 
B. 
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Figure 3-6 Graduation scale allowing accurate movement of the DESI sprayer through 30° to 90°. 
 
 
 Optimising the DESI source 
Optimisation of the DESI source is a complex procedure, and must be performed 
for each sample being analysed at the start of every experiment. Below are the 
most important parameters that must be considered: 
Geometry of the DESI 
The optimisation protocol described in the paper by Bodzon-Kulakowska et al. 
(2014) was followed. The paper describes five of the main settings for DESI and 
the optimal parameters found for different samples. One of the most influential 
settings appeared to be the capillary protrusion from the sprayer nozzle, which is 
something that was difficult to alter using the initial DESI source. It has also been 
described as very difficult to set, as the optimal setting is different for each 
sample type. 
The impact angle α, in Figure 3-7, must be optimised along with the spray to 
sample surface distance. It was described in research by Takáts et al. (2005) that 
a higher impact angle of 70˚- 90˚, with a short spray to sample distance of around 
2 mm is best for the analysis of analyte species such as peptides and proteins. One 
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can also expect more sample damage with a spray which is closer to the sample. 
The analysis of smaller compounds, such as steroids and nitroaromatics, however, 
can be best achieved with a lower impact angle of 45˚ to 55˚and with a much 
further spray to sample distance of around 8 mm. In ink samples, smaller 
compounds would be expected, therefore, in this study all of the analysis 
performed on manuscripts has been set up with an impact angle of between 50˚ 
to 55˚ and a relatively large spray to sample distance. 
 
 
Figure 3-7 Schematic of the DESI set up, showing the main components of the source where, α; in 
the Incident angle of the spray plume and β is the collection angle of the desorbed ions. Distances 
of the sprayer tip and ion transfer line to the sample can also be critical. 
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Altering the sprayer tip 
 
Figure 3-8 Diagram of the sprayer tip used in the modified DESI set up. 
 
The modified DESI source uses a simple sprayer tip, made from capillary tubing 
and a 1/16” Swagelok T Element. It was necessary to alter the sprayer in order to 
obtain a more reproducible spray, as previously mentioned. It also allowed for the 
voltage to be applied to the solvent much closer to the spray outlet, which gives 
minimal loss of voltage to the charged droplets being directed onto the sample 
surface. 
Optimisation of the spray parameters 
The amount of solvent splashing can be reduced by controlling the spray 
parameters of the DESI, including the spray to sample height, gas pressure and 
flow rate. The experiments were performed using water sensitive paper 
(Quantifoil Instruments GmbH). 
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Figure 3-9 Effect of spray parameters on the DESI spot size and spray distribution using water 
sensitive paper, 5 replicates performed at each condition. 1) Spray distance from sample; a) 
1.0mm, b) 1.5mm, c) 2.0 mm and d) 3.0mm. 2) Gas pressure; a) 85 psi, b) 105 psi, c) 125 psi, and 
d) 150 psi. 3) Solvent flow rate; a) 1.0 µl/min, b) 1.5 µl/min, c) 2.0 µl/min and d) 3.0 µl/min. 
 
 
The effect of increasing the spray to sample distance is a reduction in splashing, 
therefore this should be increased where possible; however, some samples will 
require a closer spray distance in order to obtain the correct geometries needed 
for analysis. A low gas pressure had the effect of producing a very weak DESI spray 
(as shown in Figure 3-9, 2a), as the solvent was spread over a larger area. There 
was little noticeable difference, however, once the pressure was taken over 100 
psi. At a higher gas pressure, the sensitivity of the instrument has found to be 
increased for some samples, as the secondary droplets formed from the sample 
surface are directed into the MS inlet with more force. The results here were 
consistent to those found by other researchers (Wiseman et al., 2008a; Bodzon-
Kulakowska et al., 2014). In manuscript analysis, care will need to be taken in 
order to not damage the manuscripts by using as low gas pressure as possible. The 
effect the solvent flow rate can have a great impact to the sensitivity of DESI. The 
greater the flow, the more solvent that will be splashed onto the sample surface 
This should therefore be reduced to a minimum whilst still retaining sensitivity of 
the DESI. 
 
 
 
 
             A                        B                         C                        D   
1) 
2) 
3) 
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3.5 Discussion 
Introducing the manuscripts to the DESI source was not a simple task. In order for 
the analysis to be successful, the sample surface must be held flat underneath the 
spray and inlet of the source. As an added complication, many of the samples are 
written on large manuscripts of sizes greater than that of an A4 sheet, or even 
compiled into book form, and it is typically not acceptable, due to the historic 
nature of the manuscripts, to simply fold them into the appropriate shape and 
size. 
In early research by Cooks and co-workers, they performed analysis directly on 
the surface of a hibiscus flower and a tomato in order to detect the presence of 
essential oils, carotenoids and antioxidants, (Takáts et al., 2004). Although there 
were interferences generated by the complicated matrices, this was performed 
by simply removing the sample stage from underneath the DESI source and holding 
the specimen in place. Another interesting solution for analysing difficult samples 
was described by later research in the same laboratory group, for the detection 
of explosives and chemical warfare agents (Cotte-Rodriguez and Cooks, 2006). 
This was performed by simply extending the ion transfer line up to 3 meters away 
from the inlet to the mass spectrometer, allowing for items such as baggage in 
airports to be interrogated. An extended ion transfer line would allow for larger 
manuscripts to be analysed, and therefore a modification that could improve the 
DESI source for this application if the project was continued. 
Several lab-built DESI sources have been designed by various labs. They have all 
been successful when basing their DESI source on that of the Abbassi-Ghadi source 
(Tillner et al., 2016; Thunig et al., 2011; Miao and Chen, 2009). Although our 
initial prototype was capable of producing excellent data, it was much harder to 
set up and control than the Abbassi-Ghadi source. Our final DESI source was built 
using the protocol previously mentioned (Abbassi-Ghadi et al., 2015) and based 
on the 2D source from Prosolia Inc. The sprayer geometry was found to impact 
DESI significantly; a complete loss of signal can occur when the solvent capillary 
position is incorrect (Tillner et al., 2016), and this can only be successfully fine 
tuned using the modified source by carefully rotating the solvent capillary until 
maximum signal is obtained, as shown in Figure 3-10. 
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Figure 3-10 Solvent capillary orientation relative to central axis of the gas capillary when looking 
down at the sprayer tip. A. Ideal orientation for the maximum signal with the solvent capillary at the 
Top. B. Limited signal with orientation at the bottom. 
 
Other parameters, including pressure of the nebulising gas, solvent flow rate and 
capillary voltage, which were investigated in detail by Bodzon-Kulakowska et al. 
(2014), have been optimised by small alterations at the beginning of each 
experiment. It was found that these parameters could vary slightly depending on 
the sample being analysed. This is probably due to the texture of the sample and 
slight alterations in the geometry of the DESI source. 
We demonstrated that it is possible using the lab-built DESI source to differentiate 
iron gall and ivory black inks from the manuscript surface, discussed in more detail 
in chapter 4. The DESI source has provided good results on test samples and has 
proven that imaging is possible. It remains a less sensitive technique however, 
than direct infusion for the analysis of inks on manuscripts, despite the recent 
modifications. Research carried out by Ifa et al. (2007) on paper and inks 
suggested that the solubility of the analyte played an important role in the 
desorption from the paper surface, which may explain our findings that DESI is 
less sensitive than direct infusion. In this research, they also suggested that with 
the correct solvent selection, only one run across the sample was needed to 
successfully image the inks. A solvent with a higher methanol than water content 
was used, as this increased the desorption of the positively charged dyes. It has, 
however, been suggested that solvent selection can be very important depending 
Capillaries 
Chapter 3 Design and Construction of DESI Source                  64 
on the sample and therefore several runs may be required in order to desorb 
different samples (Cotte-Rodriguez and Cooks, 2006). 
Other optimisation steps that are outside the scope for this project would include 
increasing the size of the sample XY stage so that manuscripts can be analysed. 
This would involve redesigning many of the components of the DESI source so that 
the manuscripts would not get caught in the instrument. This will be essential to 
maximise the use of the source. 
 
 
3.6 Conclusions 
Our lab-built DESI source shows great promise and the most recent design of the 
source is comparable by design and performance to many of the commercial 
sources. The key to performing successful experiments, as described in this 
chapter, is careful optimisation of the source which can take a great deal of care 
and understanding of the mechanisms by which DESI ionises the samples. 
Improvements could be made in the XY stage and by having the DESI sprayer 
suspended, (as it is in the Abbassi-Ghadi et al. (2015) source) above the sample, 
to allow for large documents to fit underneath more easily. Our DESI source can 
not only be used for manuscript analysis, but for several other sample types, which 
will be discussed in chapter 4.
 
 
 
 
 
 
 
 
Chapter 4 DESI Imaging Results and 
Other Applications of DESI 
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4.1 Aims 
DESI has a wide variety of uses, from forensic investigation of drugs and 
authentication of documents, to the analysis of tissue samples. A major advantage 
of DESI is being able to create an image from the sample using the features 
identified by scanning across the surface. The aims of this section are: 
 Obtain chemical information from the sample surface for spatial analysis 
and construct an image using the unprocessed raw image files (with the file 
extension .RAW) for the following samples: 
o Red permanent marker containing the rhodamine 6G dye. 
o Contemporary writing inks of iron gall and ivory black. 
o Amino Acids. 
 Demonstrate the versatility of our DESI source and that it can be used for 
other samples such as lipid analysis. 
 
4.2 Introduction 
DESI was first developed formally by the Graham Cooks group in 2004 (Takáts et 
al., 2004), in order to overcome some of the obstacles of pre-existing ionisation 
techniques, such as the requirement of vacuum regions which can lead to an 
inaccessible sampling space. Since the development of DESI, it has become a 
popular and versatile ambient ionisation method, with many applications in 
multiple areas of research and different sample types. In pharmaceutical analysis, 
DESI has been used to analyse tablets, gels and ointments (Williams and Scrivens, 
2005; Chen et al., 2005). In forensic analysis, DESI has been investigated for a 
wide range of different sample types, including illicit drugs in both powder and 
tablet form and in biological liquids (Huang et al., 2007), explosives and gunshot 
residues (Zhao et al., 2008; Morelato et al., 2012) and modern writing inks (Ifa et 
al., 2007). DESI has also been used extensively for biological sample analysis in 
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plant tissues (Talaty et al., 2005), intact bacteria (Meetani et al., 2007), and the 
analysis of proteins from tissue sections (Towers et al., 2018). Finally, DESI has 
also been used as a tool in archaeological science for the analysis of ancient 
proteins bound to the surface of artefacts (Heaton et al., 2009). 
The first commercial DESI source (Prosolia, Indianapolis, USA) was built by Cooks 
and co-workers, the developers of DESI in 2006, after developing commercial 
prototypes in 2005 (Takáts et al., 2005). The commercial DESI source allows for 
rapid screening using standard protocols. In order for sample specific 
investigations to be carried out, many DESI studies are being run on sources that 
have been designed and built by individual research groups to suit their own 
requirements. This encourages further development of DESI and exploration of the 
capabilities of the technique. 
In 2007, Cooks and co-workers  adapted a DESI source to enable sampling to be 
performed in a small, pressure-tight enclosure called a geometry independent 
DESI source (Venter and Graham Cooks, 2007). The DESI source featured a 90o 
incident angle and a 90o collection angle, with liquid or small solid samples placed 
into a 96 well plate. The DESI sprayer and MS Inlet capillary were enclosed in a 
two holed PTFE ferrule, which created a pressure-tight enclosure. The source is 
reported as being safer, more robust, and easier to use, as less optimisation steps 
are required given there are no geometrical conditions to be considered and 
optimised, therefore, increasing sample throughput. Using a geometry-
independent DESI source, large manuscripts would obviously not be able to be 
analysed. It would however, be possible to combine DIMS (described in chapter 5) 
and DESI using this type of source. DIMS requires 10 µl of sample, but using a 
geometry-independent DESI source, less sample may be required. 
A DESI adaptation of particular interest is one to allow non-proximate analysis of 
surfaces away from the MS inlet. Spatial confinements of traditional DESI sources 
would be eliminated, therefore, making the method ideal for the investigations 
of manuscripts. In 2006, Cooks and co-workers published a paper describing non-
proximate detection of explosives and chemical warfare agents (Cotte-Rodriguez 
and Cooks, 2006). The DESI source was adapted to include a 3 meter long stainless-
steel ion transfer capillary connected directly to the MS inlet. The transfer of the 
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ions created by the DESI source were assisted into the MS inlet using the vacuum 
of the mass spectrometer. A drop in molecular ion signal was observed, and good 
signal to noise ratios were obtained. Flexible ion transfer line can also be used for 
the transfer of ions into the MS inlet. The ‘DESI wand’ was suggested in 2005 as a 
way of providing in situ chemical analysis during surgery (Takáts et al., 2005). The 
use of flexible conductive silicone tubing has been shown to have little variation 
in sensitivity for DESI and allows for the easy manipulation for the analysis of a 
wide range of surfaces and sample types, away from the MS inlet (Cotte-Rodríguez 
et al., 2007). 
DESI was therefore investigated for the use of analysing historic manuscripts 
because of its versatility for a wide range of surfaces and the fact it has been 
shown to be a very minimally destructive technique. Other ambient ionisation 
techniques have been discussed in section 1.5, along with their potential 
application to document analysis. Whereas other techniques may have been 
suitable, it was decided that DESI was the most suitable technique because it does 
not require lasers or a matrix to be applied to the sample and has been proven in 
previous research to be able to perform mass spectrometry imaging (MSI). A 
manual variation of LESA was developed, which we have named direct infusion 
mass spectrometry (DIMS). This was also investigated as another technique for the 
analysis of documents, described in chapter 5 of this thesis. 
 
4.3 Methods and materials 
 Materials 
Please refer to Chapter 2 sections 2.1 and 2.2 for full detailed materials on this 
section. 
 Methods 
Please refer to Chapter 2 section 2.4 for full detailed methods on this section. 
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4.4 Results 
During the project, a DESI source, similar in design to the available commercial 
sources, has been successfully designed and constructed, which involved various 
prototypes with only the Proxeon ES ion source (Proxeon, Denmark) to build on. 
The DESI sprayer, XY stage, and most of the frame has been carefully designed 
and fabricated to get to this point. Careful optimisation and understanding the 
mechanisms of the DESI source has resulted in being able to use our lab-built 
source for imaging and a range of different sample types. 
 Rhodamine 6G 
One of the most commonly analysed compounds when designing and optimising a 
DESI source is Rhodamine 6G, found in most red permanent marker pens, because 
of its demonstrated high desorption and ionisation efficiency, which can be 
attributed to the fact that the molecule is already positively charged (Van Berkel 
and Kertesz, 2006). It was therefore chosen for the initial DESI and imaging 
experiments. Rhodamine 6G has been shown in previous research to be 
successfully ionised with DESI using the parameters outlined for the APCI group of 
compounds, due to its relatively small molecular mass shown in Figure 4-1. 
 
 
Figure 4-1 Structure of Rhodamine 6G, C28H31N2O3, m/z 443.2315 
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 Initial experiments 
The following DESI source set up (Figure 4-2) was the very first prototype and was 
only used for the detection of Rhodamine 6G, as it could only produce very low 
intensity signals. The major reason for this was that in order to supply voltage to 
the DESI spray, a crocodile clip was fastened to the end of the stainless-steel 
sprayer, which led to the loss of voltage across the solvent because of the air gap 
between the sprayer, the inner capillary and the solvent exiting the capillary. 
 
 
Figure 4-2 Photo of the first attempt of a DESI source. A. Gas flow into T-piece. B. Solvent flow 
using fused silica capillary with an I.D of 50 µm (O.D 363 µm) which is continuous through the T-
piece. C. Stainless steel capillary tube D. Sprayer needle, I.D 510 µm with solvent capillary inside.                          
E. Capillary voltage connection. F. Sample placement. 
 
An image of the initial prototype (Figure 4-2) is included, along with the first 
successful DESI spectrum for Rhodamine 6G in Figure 4-3 that was produced during 
the project. This demonstrate that Rhodamine 6G has excellent ionisation 
efficiency, and is therefore readily detected, even when using the DESI source in 
its early stages. 
 
A. 
B. 
C. 
D. 
E. 
F. 
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Figure 4-3 Using the DESI source in Figure 4-2. Rhodamine 6G on a glass slide in positive 
ionisation mode at an m/z of 443.3. 
 
 Imaging ‘Polyomics’ 
Once the DESI source had been optimised and after spending several weeks 
designing, fabricating and learning how to control the Arduino controlled XY stage, 
using the first prototype capable of performing imagining experiments shown in 
Figure 3-4. An image of ‘Polyomics’ was achieved using low spatial resolution (SpR) 
imaging of 1.25 mm steps per line. This was chosen as the writing being imaged 
was covering an area of 15 x 62 mm, and development of high SpR imaging was 
unnecessary at this stage. 
Also note that the mass accuracy and the sensitivity has increased from the initial 
Rhodamine 6G detection, with the signal increasing by two orders of magnitude 
from 7.7e2 to 4.6e4 and the Rhodamine peak is 20 times taller than the solvent 
peaks, as opposed to less than 2 times as tall in the initial experiment in Figure  
4-2. 
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Figure 4-4 Rhodamine 6G on Glass Slide. A) Mass Spectrum between m/z 150 - 1000, B) Writing 
on slide ‘Polyomics’, C) Image obtained from the DESI and D) Overlaid image of B+C. 
 
The next stages for the imaging experiments entail looking at improving the 
resolution (SpR). It has been reported that an SpR of 20 to 40µm is achievable 
using DESI imaging (Kertesz and Van Berkel, 2008; Ifa et al., 2007). Contemporary 
inks made using iron gall and ivory black will also be investigated, prior to any 
analysis of manuscripts. 
 Milk and amino acids 
It has been shown in previous research by Takáts et al. (2005) that the angles and 
source geometry can play a huge part in compound detection using DESI. It was 
found if the spray impact angle is greater than 60o with a 1 to 4 mm spray to 
surface distance, larger peptides and protein compounds can be detected and with 
an angle less than 60o and spray to surface distance greater than 4 mm, smaller 
compounds will be detected. During the project I have shown that it is possible to 
analyse biological samples using the DESI source to ensure that the instrument can 
detect a range of samples. This demonstrates the importance of correct source 
geometry optimisation, discussed in section 3.4.6. The capabilities of the source 
to analyse more diverse compounds in higher mass ranges, with very diverse 
physiochemical properties, was assessed and the results shown in the following 
sections below.   
A)       B) 
 
 
 
 
       C) 
 
 
 
 
       D) 
cm 
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Complex lipid spectrum 
Lipids are a diverse group of molecules that comprise many different structures. 
In ESI mass spectra, lipids are expected to be observed in the range between 500 
and 2000 m/z, whereas ink components are expected to be in the lower mass 
ranges, below 700 m/z. In section 1.6.1 the different ionisation mechanisms are 
described by which DESI operates. The analysis of lipids shows that the lab-built 
DESI source is capable of analysing analytes in the ESI group of analytes, whereas 
ink components will mostly be in the APCI group of analytes, as they are in a lower 
range. The ink recipe located in the 18th century unnamed book, detailed in 
section 2.4.1, contained lipids, in the form of dripping, as a minor ingredient. It 
would therefore be reasonable to assume that the inks Burns used may also have 
contained lipids, albeit at a much lower concentration than the milk spectrums. 
It was demonstrated that it would be possible to use DESI to analyse a complex 
biological sample by drying milk on a glass slide, then using it to produce a mass 
spectrum of the proteins and lipids from the milk shown in Figure 4-5. 
DESI parameters used were 30% Water, 70% Methanol + 0.08% Formic Acid at 2 
µl/min, spray angle (α) 700, Voltage 4 kV, Pressure of 150 psi with the following 
geometries: spray to inlet of 4 mm and spray from sample surface of 1 mm. 
 
 
Figure 4-5 Dried milk on a Glass Slide – lipid spectrum, m/z range 150 – 2000. 
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The human breast milk lipidome has been characterised using solid phase 
microextraction (SPME) and mass spectrometry (Garwolińska et al., 2017). In this 
research, a 4 step extraction procedure was used in order to enrich the lipids from 
the biological matrices. There are six lipid categories identified in the milk 
lipidome which are listed along with their mass-to-charge (m/z) ranges; fatty acyls 
(200 – 400 m/z), glycerophospholipids (500 – 1600 m/z), prenol lipids (300 – 900 
m/z), glycerolipids (two groups at 400 – 900 m/z and 1000 – 1600 m/z), 
sphingolipids (300 – 1400 m/z) and sterol lipids (300 – 500 m/z). It is most likely in 
the DESI spectrum in Figure 4-5, and we have observed the two groups of 
glycerolipids, which were shown to be the most abundant in the milk lipidome, as 
the major groups observed are in the correct m/z ranges. Other categories of 
lipids may have been observed, however tandem mass spectrometry would be 
required in order to categories these more definitively. 
DESI, by its nature, cannot be linked up to a chromatographic system and 
therefore, while the Orbitrap’s mass accuracy provides a potential chemical 
formula (Kind and Fiehn, 2007), it is far more difficult to assign structural 
identifications in the spectrum produced. To further explore the identity of some 
of the lipids present in the sample, a fragmentation method of MS2 or MS3 could 
be trivially applied to high intensity data. These results demonstrate the diversity 
and the capability of the DESI source for different types of sample. 
Spatial analysis of amino acids 
Amino acids are compounds with a relatively small chemical formula, and in DESI 
will therefore be detected in the APCI group of analytes. It is important to show 
that the lab-built DESI source is capable of ionising small compounds as the main 
constituents of inks will have a low m/z value. As the amino acids analysed here 
have a known m/z, we can therefore confirm that the DESI can successfully and 
spatially identify small compounds. Inks from the 18th and 19th century may also 
contain amino acids due to the use of plant-based materials such as oak galls and 
binders such as gum arabic, which contain glycoproteins with covalently attached 
amino acids side chains. 
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An array of amino acids was spotted onto a slide as shown in Table 4-1, positive 
and negative ion mode switching method was set up with scan times of 2.5 seconds 
for each ion mode to allow positive and negative ion data to be collected in one 
analysis using the following DESI parameters;  
30% 20 mM Ammonium Carbonate, pH 9, 70% Methanol at 2 µl/min, spray angle 
(α) 550, Voltage 4 kV (positive) -3.5 kV (negative), Pressure 150 psi with the 
following geometries: spray to inlet of 5 mm and spray from sample surface of 2.5 
mm. 
 
 
Table 4-1 Showing the positions of the amino acid array on a glass slide for analysis. Those 
shaded green were ionisable using the DESI parameters in positive ion mode for M + H. 
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Figure 4-6 Locations of the amino acid array on a glass slide along with their respective m/z 
values, see Table 4-1 for their identities. 
 
There are a number of different molecular ion adducts which can alter the 
expected mass for a compound with electrospray ionisation (Huang et al., 1999). 
Amino acids are a good target when optimising methods for metabolomics as they 
have a variety of masses and physiochemical properties and were therefore used 
for the optimisation of the DESI Imaging. The majority of molecular ions will 
undergo a loss of addition of a proton depending on the polarity of the method    
(M + H or M – H), however other common adducts in positive ion mode are M + Na, 
M + K, M + NH4 (to name only a few) and in negative ion mode M + Cl, M + Na – 2H 
and M + Br are also common. Spatial analysis of amino acids has been successful 
in finding M + H ions, however, with contributions from Dr Simon Rogers and 
Timotheos Constambeys (Computer Science, Glasgow University) to automate the 
spatial detection of ions, it was thought that some of the other amino acids maybe 
detected. This was not the case however, as none of the common adducts were 
identified from the ions. It may therefore be necessary to perform further 
optimisation steps, such as the type of solvent used, in order to successfully detect 
the remaining ions. The scripts being used to automate the data processing are 
using Python and Jupyter Notebook. The initial experiments on amino acids have 
been useful in the future imaging of inks, as the scripts used will be similar. 
Figure 4-6 shows the spatial analysis of the amino acid array, as there were no 
amino acids detected by negative ion mode ionisation. This will require further 
development of both the solvent used and DESI-MS parameters. Amino acids are 
zwitterionic, as they contain both acidic and basic moieties, they are able to 
cm 
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undergo both positive and negative mode ionisation providing that the correct 
source parameters and solvent is used. In this experiment, a solution of 30% water 
with 20mM ammonium carbonate with 70% methanol was used at pH 9. All amino 
acids have a different pKa and therefore favour either positive or negative 
ionisation mode, depending on the pH of the solvent. It is possible at a relatively 
high pH, as is the case with the solvent used, that some of the amino acids were 
deprotonated, meaning that they would be more readily detectable in negative 
ionisation mode (Sereda et al., 1993). It is most likely that using a different 
solvent, or further optimisation of the DESI source parameters, such as altering 
the DESI geometries or voltage, must be performed in order to detect the amino 
acids in negative mode ionisation.  
 Imaging of inks 
Several inks have been successfully imaged and characterised, after careful 
optimisation steps using our lab-built DESI source, which are discussed in the 
following sections. The majority of the inks used in the 17th and 18th centuries 
were acidic, which can damage the paper over time. The acidic properties of some 
of the inks has also made it difficult to obtain ion profiles in positive polarity, 
although simple Ivory black can be analysed. Figure 4-7 shows great promise that 
the DESI can not only detect unique ions from an historic ink type, but also spatial 
image the ink from a paper substrate. 
Using the initial prototype DESI source 
The four inks were written ‘abcdefgh’ on a sheet of handmade cotton paper as 
shown in Table 4-2 below and imaged as shown in Figure 4-7, and 10 different 
unique ions were found for simple ivory black ink, which contains just gum Arabic, 
water and ivory black (from reclaimed piano keys).  
Letters Ink 
a & f Blots iron gall 
b & e Simple ivory Black 
c & g Home-made iron gall 
d & h Ivory black with treacle 
 
Table 4-2 Showing the Inks used in the analysis of the ‘abcdefgh’ sample on cotton paper. 
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DESI parameters used: 50% Water, 50%Methanol + 0.08% Formic Acid at 2 µl/min, 
spray angle (α) 550, Voltage 4 kV, Pressure of 150 psi with the following 
geometries: spray to inlet of 5 mm and spray from sample surface of 2 mm. 
 
 
 
 
Figure 4-7 Inks on hand-made cotton paper. A) Mass spectrum between m/z 150 - 1000, B) image 
of the four inks shown in Table 4-2, C) Image obtained from the DESI for simple ivory black at m/z 
375.21 and D) overlaid image obtained from the DESI for simple ivory black. 
 
 
In negative ion mode shown in Figure 4-8 it was possible to detect a unique ion for 
the iron gall inks using the following DESI parameters:  
50% 20 mM Ammonium Carbonate, pH 9, 50% Methanol at 2 µl/min, spray angle 
(α) 540, Voltage -3.5 kV, Pressure 150 psi with the following geometries: spray to 
inlet of 6 mm and spray from sample surface of 2.5 mm. 
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Figure 4-8 Inks on hand-made cotton paper. A) Mass spectrum between m/z 70 - 700, B) image of 
the four inks a) ivory black with treacle, b) home-made iron gall c) simple ivory black and d) blots 
iron gall, C) Image obtained from the DESI for iron gall inks at m/z 220.15 and D) overlaid image 
obtained from the DESI for iron gall inks. 
 
The analysis of the inks in negative ionisation mode gave some very promising 
results, however, it could benefit from further optimisation for the correct solvent 
choice, operating and geometrical parameters, which unfortunately were not 
within the timescale for this project. Figure 4-8 shows that it is possible to identify 
a unique ion for the iron gall inks. A common ingredient is gallic acid (Wiseman et 
al., 2008a), however in negative polarity this would have been expected at m/z 
169.12 not m/z 220.15, and therefore must be a different chemical in the iron 
gall ink.   
 Using the redesigned DESI source for the analysis of inks 
Attempts to use the new redesigned DESI based on the Abbassi-Ghadi et al. (2015) 
source have shown great improvement as the following results have shown, of 
which the Rhodamine 6G results show great promise, although further 
optimisation of the method is not within the timescale of this project. It was found 
that the more ‘modern’ inks such as the Biro, Marker Pens, and Fountain pen gave 
different ink signatures as shown in Figure 4-9. A few of the main differences have 
been highlighted. 
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              .          D) 
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Figure 4-9 Modern style inks using the redesigned DESI source, showing the unique ions. A. Black 
Biro at m/z 358.23 and 372.24 B. Black Marker at m/z 232.93 and 389.25 C. Black Fountain Pen at 
m/z 371.17 D. Red Marker (Rhodamine 6G) at m/z 443.23 E. Blank paper 
 
The contemporary inks made using recipes from 17th and 18th century sources 
showed very few differences, as shown in Figure 4-10.  This could be because 
these inks are more acidic by nature when compared to their more modern 
counterparts, which is not as readily ionised by in positive ionisation mode. During 
the project the DESI source has seen a 3 order of magnitude increase in signal with 
Rhodamine 6G, from 7e2 with the first DESI prototype in Figure 4-3, to 4e4 with 
the second DESI prototype in Figure 4-4 and finally to 1e5 using the Abbassi-Ghadi 
designed DESI source in Figure 4-9. This indicates that a great deal of progress has 
been made with the design and sensitivity compared to the old designs. 
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Figure 4-10 Contemporary inks from old recipes using the redesigned DESI source. A. Blots Iron 
Gall B. Home-made Iron Gall C. Simple Ivory Black D. Sugary Ivory Black (made with treacle) E. 
Paper Blank 
 
Due to the timescale of the project, we were unable to distinguish between the 
more contemporary styles of inks and the paper blank. It was expected that testing 
on the selection of manuscripts would be inconclusive; however, given more time 
to fully optimise the DESI source for manuscript analysis, we would expect DESI to 
be a suitable method.  
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4.5 Discussion 
In this chapter, the stages in design, imaging attempts and capabilities for 
analysing different samples and inks have been investigated. In section 4.4.2 the 
first attempt at building a DESI source is briefly described, which is of interest 
because even though the design was less than ideal, a signal for Rhodamine 6G 
was still achieved. As the voltage bridge to the solvent was made using a crocodile 
clip to the stainless steel needle (resulting in very little voltage getting to the 
spray), it is most likely that in this instance different mechanisms were acting 
upon and ionising the sample. The DESI source was most likely acting as a Sonic 
Spray Ionisation (SSI) source, which was developed by Hirabayashi et al. (1994) in 
the mid 1990s, an example of an early atmospheric ionisation technique using 
electrospray ionisation. SSI is a little-used technique which has a couple of 
advantages over DESI, such as its simplicity given there is no heating or high 
voltage used in the ion formation from the sample. Due to the low internal energy 
of the ions created, the analytical performance of the method is compromised, 
and excessive ion clustering can occur. It is also capable of creating uncharged 
droplets, which may not be detected in the mass spectrometer. SSI could be useful 
in other applications, such as in vivo analysis where the use of high voltage might 
not be appropriate. DESI is capable of acting as an SSI source as shown in Takáts 
et al. (2005). It must be noted that the signal intensity was shown to be more than 
10 times lower, therefore, the addition of a suitable high voltage supply to the 
nebulising spray should increase the usefulness of the DESI source, which was the 
main area of development during the initial stages of design. 
DESI is an extremely complex method to fully optimise for each type of sample. 
The fact that a range of different types of samples have been successfully analysed 
using our lab-built DESI source shows great success. As described in research by 
Bodzon-Kulakowska et al. (2014), the signal intensity obtained can change by 
several orders of magnitude if the capillary protrusion from the DESI nozzle, 
nebulising gas flow, solvent flow rate, capillary voltage and source geometry are 
not fully optimal. The source geometry requires optimisation along with the other 
parameters for every sample type, as the sample surface and compounds for 
analysis will require different parameters (Takáts et al., 2005). 
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Once our home-made DESI source was adapted to supply voltage directly to the 
solvent via a T-piece, as shown in Figure 3-4, and an XY sample stage was 
constructed, imaging attempts were made. The word ‘POLYOMICS’ was first 
imaged, written in large letters on a glass slide as a ‘proof of concept’ experiment. 
As previously mentioned, the SpR of the DESI image was low and in order to 
achieve a greater resolution, the sprayer tip geometry would require optimisation 
and a sample stage designed with greater accuracy. The current XY stage is 
theoretically capable of moving at a minimum step size in the ‘Y direction’ (see 
Figure 3-3) of approximately 125 µm, whereas SpR of 20 µm is achievable using a 
fully optimised DESI source; furthermore, moving the stage in such small 
increments may be challenging as the construction of the stage was not designed 
with such small movements in mind. Ifa et al. performed research into altered 
documents, identifying that for ink analysis, a SpR of 20 µm was not required, and 
SpR should be sacrificed for speed of analysis, as the area required for analysis 
can be much greater than that for a tissue sample, for example, taking 1 hour to 
image each 100 mm2 of sample (Ifa et al., 2007). 
Several experiments were performed in order to explore the capabilities of the 
DESI source for larger or more heterogenous samples. It was shown that a lipid 
spectrum could be obtained using the correct DESI parameters from dried milk. 
Further analysis would require tandem mass spectrometry (MS/MS) experiments 
of the molecules of interest (Eberlin et al., 2011). Several key amino acids were 
also imaged. They had been dried onto a glass slide and ionised in positive 
ionisation mode, showing that known molecules could be successfully identified 
spatially and in the development of the imaging process. Ultimately having the 
ability to be able to detect biological molecules could help identify the bio-
deterioration of documents. Bio-deterioration of manuscripts can present a huge 
problem in the storage and preservation of manuscripts for prolonged periods of 
time. The most common contaminant is the Aspergillus fungi (Shamsain et al., 
2006), and current methods for the detection of fungi entail using a scalpel or 
swab in order to remove the contaminant, followed by culturing of the fungi and 
monitoring using a scanning electron microscope (Guiamet et al., 2011). It would 
therefore be beneficial to investigate the use of DESI for the detection of 
Aspergillus spores from paper in the future, in order to assist in the control and 
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conservation of manuscript collections, as bio-deterioration can become a serious 
social and economic problem. 
Imaging of the contemporary inks from old recipes was successful in the positive 
ionisation mode – simple ivory black was able to be identified in Figure 4-7. 
However, no unique ions could be found for the other inks. In negative ionisation 
mode, iron gall inks were spatially identified in Figure 4-8, in this analysis the inks 
were applied to the paper in copious amounts for the best chance of obtaining a 
signal; furthermore, when they were applied to the paper in a smaller quantity, 
no unique ions were detectable using the redesigned Abbasi-Ghadi source, shown 
in Figure 4-10. It was therefore decided to attempt the characterisation of the 
writing inks using the alternative method of direct infusion (DIMS), discussed in 
the following chapter, which yielded more informative information. 
In any future work using DESI to investigate historic manuscripts, it would be useful 
to modify the methods to enhance detection of some ink components. In section 
4.4.4 it was demonstrated that lipids could be detected using DESI, which requires 
different parameters as the analytes found in lipids are detected using a different 
ionisation mechanism, in the ESI group of analytes detailed section 1.6.1 (Takáts 
et al., 2005). In section 1.3, some of the basic components of ink were discussed, 
and many of the recipes used gum arabic, which contains peptides and proteins 
(Sanchez et al., 2008), which, as shown in figure 4-13, are found in the ESI group. 
It is also known that a wide range of ingredients were used to stabilise home-made 
inks, such as beer, wine and fats, all of which will also contain compounds from 
the ESI group. In this analysis I have concentrated on the APCI group of analytes. 
It was expected that smaller compounds, such as gallic acid in iron gall inks, 
calcium phosphate in carbon-based inks and amino acids found in gum arabic and 
ingredients such as beer, would be detectable using DESI methods set up for the 
APCI group of analytes. In the future, it would therefore be beneficial to 
investigate the analysis of manuscripts using both ionisation mechanisms of DESI, 
but this may require running two separate analysis for each ionisation mechanism, 
as different DESI parameters are required. 
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4.6 Conclusion 
The DESI source in its current design has shown promise that it can be utilised for 
the analysis of historic manuscripts. Nevertheless, the results are yet to be 
conclusive for the analysis of the contemporary inks using old recipes and historic 
manuscripts. With further optimisation of the DESI source, I would expect this to 
be possible in the future, which would allow for direct analysis of the questioned 
document, enabling high throughput analysis. In further optimisation of methods, 
it would be vital to include analysis of analytes found in the ESI ionisation 
mechanism of DESI, which was successfully performed here for the analysis of 
peptides in milk. It has also been demonstrated that the DESI source is capable of 
spatially identifying and imaging samples, which would be of use for the analysis 
of documents suspected of being altered. 
Due to the greater success of the new method called Direct infusion mass 
spectrometry (DIMS) for distinguishing the different manuscripts, the focus of the 
project in the later stages switched to this, discussed in Chapter 5.
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5.1 Aims 
The analysis of a historic document must be as minimally destructive as possible 
in order to ensure the work can be preserved. Chemical information collected 
about the composition of the inks and paper can be used not only for 
authentication purposes, but also for conserving the manuscripts (Lee et al., 
2006). The aims of this chapter are as follows; 
 To investigate the use of DESI in producing high mass spectral resolution 
(MSR) data for the authentication of documents. 
 Collect high MSR data using direct infusion methods for the historic 
manuscripts using direct infusion mass spectrometry (DIMS). 
 Interpret the data and produce classifiers that can help authenticate 
documents for Robert Burns and other manuscripts from the 17th and 18th 
centuries. 
 
5.2 Introduction 
Authentication of manuscripts can be achieved by characterising the ink used and 
is of great importance to the arts community in order to ensure that forgeries are 
not being sold under false pretences. This can be achieved by building an ‘ink 
library’ of different authors from different time periods, with chemical 
information about their inks which can then be compared. An authentic 
manuscript from Robert Burns can fetch up to £90,000, and one recently sold for 
£73,250 at Sotheby’s (Sotherby’s, n.d.). The latest estimate of Burns’ value alone 
to the Scottish economy was a figure of £157 million per annum (Campbell, 2003). 
I will discuss several methods used forensically for the analysis of writing inks 
along with their respective advantages and disadvantages. 
Analytical methods for the analysis of ink traditionally involve destruction of small 
amounts of sample. Somewhat destructive methods for the dating of inks 
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traditionally involve removing a small amount of sample with a scalpel and then 
extracting this in a vial with methanol for analysis via HPLC or TLC (Hofer, 2004; 
Tsutsumi and Ohga, 1998). A method where a sample is required to be removed 
from the manuscripts is obviously not a viable method when working with valuable 
works of art, as they must be conserved. Conservation is of particular importance 
when looking at iron gall inks due to corrosion of the ink and surrounding paper. 
Understanding the degradation products and mechanism of degradation would be 
of great benefit to the historic arts community. 
A minimally destructive method has been described by Brazeau and Gaudreau 
(2006), for the quantitative analysis of inks via Solid-Phase Microextraction 
(SPME), followed by gas-chromatography-mass spectrometry (GC-MS). It was 
possible to give accurate dating of the writing ink, but for the purposes of dating 
iron gall and ivory black writing ink, this would be unlikely to work as they focused 
on the solvents in ballpoint pens.  
Minimally destructive atmospheric mass spectrometry techniques have more 
recently been used to investigate inks. DESI has been used for the analysis of 
ballpoint and gel inks, which is reported as being non-destructive (Ifa et al., 2007). 
DESI is performed by directing a stream of charged solvent and a nebulising gas 
onto a sample, which desorbs analytes from the surface. A technique which I will 
describe in this chapter called DIMS has been performed as a result of this 
research. DIMS is closely related to LESA, where sample analytes are desorbed into 
a small amount of solvent (2 µl) pipetted up and down onto the sample surface, 
which desorbs analytes into the solvent and is then sampled using a TriVersa 
nanomate (Advion). DIMS has also been shown to be minimally destructive during 
this research, shown in Figure 5-11. 
Direct analysis in real time (DART) has been investigated in previous research 
(Jones et al., 2006). DART involves introducing the sample to a stream of ionised 
gas (plasma), which ablates material from the sample as detailed in section 1.5.1. 
In research by Jones et al. they were able to produce accurate high-resolution 
spectra and identify unique peaks (using the NIST Mass Spectral Search Program, 
version 2.0) for modern inks. Using the NIST mass spectral library they found 
multiple theoretical molecular structures that responded to the elemental 
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formulas, nevertheless, only one in each case was of a known ink component. One 
of the major downsides of this method is the total area of the sample size able to 
be analysed by the DART source is very small, and therefore, commercially 
available DART sources wouldn’t be suitable for historic manuscripts. As the 
sample gap is only a few centimetres wide, it would be a challenge to use DART 
source technology with a modified source. 
Laser desorption Ionisation has been also been investigated for modern writing 
inks by Weyermann et al. (2007). They found that they could achieve some basic 
chemical information in positive ionisation mode, although they reported that 
some compounds were not detectable. This would, however, be a potential 
method to be explored further. Matrix assisted Laser Ionisation (MALDI) has also 
been used for the detection of dyes from ballpoint pens with some success (Dunn 
and Allison, 2007), with the addition of 2-(4-hydroxyphenylazo)benzoic acid 
(HABA). The major downside to this methodology is that a thin layer of matrix 
must be applied to the sample, and therefore, would alter the appearance of the 
manuscript. MALDI may also be damaging to the manuscripts, as it must be placed 
under a vacuum for analysis. When analysing potentially frail manuscripts, they 
must be handled with care, and any extra stress to the manuscript may cause 
damage.   
In all of the previous research mentioned, only modern inks have been 
investigated. One of the main aims of the project is to authenticate historic 
writing inks using high MSR mass spectrometry, whilst causing very minimal or no 
destruction of the sample. Laser ablation inductively coupled plasma mass 
spectrometry (LA-ICP-MS) has been reported as being a micro-destructive 
technique that can be used for the analysis of iron gall inks (Wagner and Bulska, 
2004), which used low resolution MS. To date there are no high-resolution mass 
spectrometry methods that have been applied to historic inks. 
 
5.3 Methods and Materials 
Please refer to Chapter 2 sections 2.1 and 2.5 for full detailed methods and 
materials on this section. 
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5.4 Results 
The direct infusion mass spectrometry (DIMS) method was developed as a time 
efficient and effective method of removing analytes from the sample surface 
whilst remaining minimally destructive. 2 µl of solvent was pipetted three times 
up and down to the area of interest on the sample, giving no visible damage to 
the manuscripts (Figure 5-11). It was developed after much success with the DESI 
method. However, due to the complexity of DESI, the time constraints posed and 
the effectiveness of direct infusion, it was decided that DIMS would be used for 
the authentication of the selection of manuscripts available for analysis.  
 Direct infusion 
In this section, I will focus on the results obtained from the pipetting / direct 
infusion method which DESI could be compared to at a later date. Table 5-1 gives 
details of the authentic manuscripts for analysis in this section. 
Sample ID Author Description 
MSS1 A. Smith The Holy Fair in the hand of R. Burns – also signed by J. 
Hogg 
MSS2 A. Smith Letter 1 in the hand of R. Burns 
MSS3 A. Smith Letter 2 in the hand of R. Burns 
MSS4 A. Smith Dainty Davie poem in the hand of R. Burns 
MSS5 A. Smith Dainty Davie poem 2 in the hand of R. Burns 
MSS6 A. Smith The first psalm in the hand of R. Burns 
MSS7 A. Smith A note attached to the C. Dickens forgery 
MSS8 A. Smith A song in the hand of C. Dickens 
MSS9 Unknown Mary Queen of Scots possible forgery 
MSS10 R. Burns A note written by R. Burns 
MSS11 R. Burns A letter written by R. Burns 
MSS12 Unknown A letter by Oliver Goldsmith not known if a forgery 
MSS13 A Smith Letter 3 in the hand of R. Burns 
MSS14 R. Burns The five Carlins’ poem 
 
Table 5-1 Authentic manuscripts descriptions that were analysed along with their assigned sample 
ID. 
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 Preliminary experiments 
In the preliminary experiments for the direct infusion method, a selection of 
modern inks was tested to show suitability of the method before looking at historic 
inks and manuscripts. 
    
Figure 5-1 Direct infusion data for modern inks from paper, along with their unique identifying 
identified by the arrows on the spectra. A. Black Biro. B. Black Marker. C. Black Fountain Pen. D. 
Red Marker Pen (Rhodamine 6G) E. Paper blank. F. Solvent Blank 
 
 
Figure 5-1 shows direct infusion data for a few modern inks.  The signal intensity 
for the paper blanks and solvent blanks was 10 times less than that of the signal 
for the ink signatures. This analysis was performed because it has been shown in 
by other researchers that a variety of inks can be analysed by similar methods (Ifa 
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et al., 2007; Jones et al., 2006; Lalli et al., 2010). It can clearly be seen in these 
results that the signatures of each ink are significantly different without any 
further data analysis and therefore, the next step was to investigate the inks made 
from historic recipes. This was done for two reasons: performing direct infusion 
on the modern inks showed no visible destruction, but before this can be applied 
to manuscripts, its application to historic inks must be confirmed. It must also be 
confirmed that high MSR mass spectrometry ink signatures can be obtained from 
the historic inks. Figure 5-2 shows the ‘ink signature’ for the iron gall and ivory 
black inks, detailed in section 2.1. These can then be used to compare to the 
authentic manuscripts using the same method. 
Figure 5-2 shows two iron gall and two ivory black inks, of which there are clear 
differences between all of the inks, although there are similarities between the 
blots and the home-made iron gall inks. in that they both show peaks at m/z 
113.96861 and 90.94790 and similarities between the two ivory black inks with 
peaks at m/z 82.01399 and 215.12545. If these peaks are observed in any of the 
authentic manuscripts a basic identity of the ink can be given. 
 
 
Figure 5-2 Direct infusion data for inks from old recipes, with arrows to show some of the unique 
identifying peaks for the various inks.. A. Blots iron gall. B. Home-made iron gall. C. Simple ivory 
black. D. Ivory black with treacle. 
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 Authentic manuscripts 
All of the manuscripts in Table 5-1 have been analysed using the direct infusion 
pipetting method and all, except MSS12 to MSS14, by DESI. The DESI data showed 
no significant differences across the samples (Figure 4-10), when the raw data was 
interpreted. Further optimisation of DESI is therefore required, which is outwith 
the time constraints of this project. No imaging data has been collected due to 
the size limitations of the sample stage in relation to the instrument and further 
optimisation requirements.  
 
Figure 5-3 Demonstrating the repeatability of MSS11 (see table 5-1) for the peak at m/z 130.526, 
area of interest in the spectra is shown by a red box. A-D. Four replicates of the sample MS11, 
sampled from an area of ink. E. Showing the absence of m/z 130.526 when sampled from an area 
of paper. E. Solvent Blank 
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In order to show that the results were reproducible for the historic manuscripts, 
two manuscripts from each author were selected for analysis in triplicate. In total, 
this gave four separate analyses of these manuscripts (once, when it was tested 
originally, and then in triplicate). The spectra for one of these manuscripts is 
shown in Figure 5-3, clearly showing that for manuscript MSS11, the peak of 
interest at 130.526 is only present in areas which the ink was sampled from the 
manuscript, and not in the paper blanks or solvent blank. In the reproducibility 
study, an area of both ink and blank paper was tested from each manuscript. Any 
peaks that appeared in more than 10% of the solvent blanks were excluded. 
 Smith Burns 
 Paper Ink Total n=13 Paper Ink Total n=9 
m/z MSS5 MSS13 MSS5 MSS13 Paper Ink MSS11 MSS14 MSS11 MSS14 Paper Ink 
113.96         0% 8%     4   0% 78% 
130.53         0% 15%     4 3 0% 89% 
207.07   4   4 77% 38%         0% 0% 
230.99         0% 0%     3   0% 67% 
243.10         0% 0%     3 3 0% 56% 
258.03         0% 0%     4   0% 67% 
273.03       4 0% 62%         0% 0% 
283.12 3 4   4 92% 77%         0% 0% 
291.08     3 3 0% 85%         0% 0% 
305.10   4   4 77% 77%         11% 0% 
327.08 4 3 4 4 92% 100%         11% 0% 
328.18         0% 0%       3 0% 56% 
344.10 3   3 3 69% 92%         0% 0% 
349.06 4 4 3 4 100% 92%         22% 0% 
364.96         0% 0%     4 3 0% 78% 
377.21         0% 0%       3 0% 78% 
 
Table 5-2 Table showing the reproducibility of 8 manually selected peaks from direct infusion 
analysis. Four replicates for two Smith manuscripts, MSS5 and MSS13 and two Burns 
manuscripts, MSS11 and MSS 14 are shown along with the number of instances of that peak in 
each sample. The total column shows the percentage of times the peaks are observed in all of the 
Smith and Burns manuscripts, including the replicates for both areas of Paper and Ink. m/z values 
most commonly observed in Smith are coloured yellow and in Burns coloured blue. 
 
In Table 5-2, good reproducibility is shown across the selected peaks. In each 
instance of the eight manually selected peaks for each author, the unique 
identifier appears in at least three out of four of the replicates for at least one of 
the samples analysed in quadruplicate in regions of either ink or paper. 
Chapter 5 Analysis of Historic Documents via DIMS                            95 
Interestingly, several unique identifiers were found in the paper region for the 
Smith samples, however, for Burns the unique identifiers were only found in the 
areas of inks sampled. This will be discussed in more detail later in this chapter. 
The data in table 5-2 has been condensed from the supplementary data tables 
(appendix II – IV). 
 
 
Figure 5-4 Direct infusion data for authentic manuscripts, Arrows indicating unique identifying 
peaks that are only seen in the manuscripts for either Smith or Burns. Antique Smith (unique peaks 
at m/z 327.078 and 344.105; A. MSS1 B. MSS5 and C. MSS 6. Robert Burns (unique peaks at m/z 
113.964 and 130.526; D. MSS10, E. MSS11 and F. MSS14. see Table 5-1 for manuscript 
identities.  
 
The spectra in Figure 5-4 shows the ‘ink signature’ for six of the manuscripts from 
A. Smith and R. Burns using the direct infusion method. Prior to analysis, it was 
shown that pipetting such a small amount of liquid up and down on a paper surface 
doesn’t damage the ink or the paper (Figure 5-11); nonetheless, the sensitivity is 
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relatively low using this method, and therefore, most of the peaks that identify 
each ink will be very small in comparison to the background ions from the solvent 
and paper itself.  
When comparing the 6 spectra in Figure 5-4 with each other, it can be seen that 
each manuscript provides a different signature, and a few significant peaks have 
been highlighted. In further analysis, a classifier has been produced using the 
samples available to show the capabilities of this method. I will discuss this further 
in the data analysis section 5.4.4. 
A list of eight significant peaks from each author were selected after further 
analysis of the data. A selection of these peaks is shown in the following spectra, 
showing that they are only detected in the respective authors’ works. The 
significant peak has been circled red for identification purposes. 
 
 
 
Figure 5-5 Showing the unique peak at m/z 327.0782, circled in red, for a selection of manuscripts 
sampled from an area of ink, from the top to bottom A. Smith; MSS5 & MSS13, R. Burns; MSS11 & 
MSS14 and solvent blank. See Table 5-1 for manuscript identities. 
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The peaks at m/z 327.0782 and 344.1048 in Figure 5-5 and Figure 5-6 appeared in 
nearly all of the works of A. Smith, and a peak at m/z 273.0289 in  Figure 5-7 
appeared in every work of A. Smith and was absent in all R. Burns and solvent 
blanks, giving a very strong classifier for A. Smith manuscripts. It should be noted 
that all of the significant peaks from the A. Smith samples were found in both the 
paper and the ink areas from the manuscripts, suggesting that they are likely to 
be contamination factors on the manuscript surface itself.  
It is likely that some of the possible contamination factors observed in the Smith 
samples are from plasticisers. Two plasticisers were identified, the peaks in 
tableTable 5-3 at m/z 327.0782 (also shown in Figure 5-5) and the peak at m/z 
283.1178, determined to be triphenyl phosphate and bis(2-methoxyethyl) 
phthalate respectively. As both of these plasticisers were not observed in any of 
the Burns manuscripts, it is likely that they were a result of the storage 
environment that the Smith manuscripts were kept, and therefore a valid classifier 
of Smith manuscripts. Plasticisers were not widely used, however, until the 1930s 
(Reinecke et al., 2011), and as such, the contamination must have occurred after 
Antique Smith’s death in 1913. 
Triphenyl phosphate is used as a flame retardant, breaking down into small 
molecular species when subjected to fire, thus reducing the hydrogen atom in the 
flame and quenching it (Hastie & Bonnell, 1980). Triphenyl phosphate has been 
used as a plasticiser in a variety of materials including PVC and textile back-
coatings (Horrocks et al., 2007). It is possible that the Smith manuscripts became 
contaminated with triphenyl phosphate from being stored in wallets or flame-
resistant containers at some point since their composition, or being in contact 
with textiles containing the compound. 
Bis(2-methoxyethyl) phthalate is a substance that is often added to plastics to 
increase their flexibility, transparency and durability in polyvinyl chloride (PVC) 
(Akovali, 2012). PVC was first commercially produced in the 1920’s, although not 
widely used until the 1960s. Its properties, particularly when combined with 
phthalate plasticisers, make it an excellent choice for producing cling films and 
plastic wallets (Andrady and Neal, 2009). It can therefore be reasonably assumed 
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that this contaminant may have come from storage or transportation in plastic 
wallets or bags. 
 
 
 
Figure 5-6 Showing the unique peak at m/z 344.1048, circled in red, for a selection of manuscripts 
sampled from an area of ink, from the top to bottom A. Smith; MSS5 & MSS13, R. Burns; MSS11 & 
MSS14 and solvent blank. See Table 5-1 for manuscript identities. 
 
 
In Figure 5-8 and Figure 5-9 significant peaks are illustrated for R. Burns at m/z 
113.9639 and 230.9904. In comparison to those from A. Smith, the peaks for R. 
Burns are only found in locations were the ink is sampled. It can therefore be 
concluded that the ink R. Burns used is being desorbed by the solvent. 
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Figure 5-7 Demonstrating the absence of the unique peak at m/z 273.0289, circled in red, for R. 
Burns for MSS11 & MSS14, and presence of the unique peak at m/z 273.0289, circled in red, for A. 
Smith for MSS5 & MSS13. The final row demonstrates the absence of the feature in a solvent 
blank. See Table 5-1 for manuscript identities. 
 
 
 
 Figure 5-8 Showing the unique peak at m/z 113.9639 for a selection of manuscripts sampled from 
an area of ink, from the top to bottom A. Smith; MSS5 & MSS13, R. Burns; MSS11 & MSS14 and 
solvent blank. See Table 5-1 for manuscript identities. 
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Figure 5-9 Showing the unique peak at m/z 230.9904 for a selection of manuscripts sampled from 
an area of ink, from the top to bottom A. Smith; MSS5 & MSS13, R. Burns; MSS11 & MSS14 and 
solvent blank. See Table 5-1 for manuscript identities. 
 
 
  
It has been possible to identify the type of ink used for two of the manuscripts, 
investigated using contemporary ink recipes (detailed in section 2.1). In the Holy 
Fair manuscript by A. Smith and in the letter written by R. Burns, we detect iron 
gall ink, and in the Dainty Davie poem by A. Smith, we are able to detect the 
presence of ivory black, as shown in Figure 5-10. Interestingly, in the Five Carlins 
manuscript by R. Burns, we detect both types of inks suggesting that R. Burns may 
have been mixing his inks. Whether this was to create a desired ink by Burns or 
just a transition in the ink he was using at the time, we cannot say. 
Without performing further analysis, such as tandem MS (MS/MS), we were unable 
to assign any identities to the peaks shown in Figure 5-10, nor were we able to 
collect any informative fragmentation analysis. MS/MS is a technique which allows 
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dissociation of an isolated precursor ion, such as a unique identifying peak of 
interest, into fragments which can lead to further identification.  
 
 
Figure 5-10 A-D Comparison of ink spectra to identifying peak for iron gall at m/z 90.9479   A. A. 
Smith - The Holy Fair in the hand of R. Burns – also signed by J. Hogg.  B. A letter written by R. 
Burns.  C. Ink spectrum for simple ivory black.  D. Ink Spectrum for ivory black made with treacle.    
E-H Comparison of ink spectra to identifying peak for ivory black at m/z 130.5259    E. A. Smith - 
Dainty Davie poem 2 in the hand of R. Burns.   F. The Five Carlins poem written by R. Burns.  G. 
Ink spectrum for Blots iron gall.   H. Ink Spectrum for home-made iron gall.                                                  
 
 
One of the major concerns with any analysis of inks from valuable manuscripts is 
minimising the destruction during the sampling process. It can be seen in Figure 
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5-11, that the direct infusion methodology is what we are referring to as minimally 
destructive, given no visible damage is observed before or after sampling. 
  
 
Figure 5-11 Demonstration that the technique is minimally destructive: red arrows indicate 
sampling locations. Left: Image of manuscript MSS1 before sampling. Right: Image of manuscript 
MSS1 after sampling 
 
 
 Data analysis 
The eight manually selected peaks from statistical analysis are shown in Table 5-3 
below (a full list of significant peaks with a q-value of <0.05 and that do not appear 
in more than 10 % of the blanks are provided in appendices II to IV). Dr. Karl 
Burgess searched the ChemSpider library and assigned their predicted formulae 
with annotation where available. Citropen and Citrate are most likely derived 
from plants and are therefore likely to be components from the ink or paper used, 
whereas the other two compounds are likely to be derived from a number or 
sources, including environmental factors surrounding A. Smith, or his method of 
tea and tobacco staining paper to age his forged documents (Fergus, 2009; 
Ferguson, 1933). 
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A. Smith Annotation Predicted 
Formula 
R. Burns Annotation Predicted 
Formula 
207.0654 Citropen / 
Scoparone   
C11H10O4 113.9639  ??? 
273.0289 Naringenin C15H1207 130.5259  ??? 
283.1178 Bis(2-
methoxyethyl) 
phthalate 
C14H18O6 230.9904 Citric acid 
(Potassium 
adduct) 
C6H8O7+K+ 
291.0842 Catechin C15H14O6 243.0993  C11H10N60 
305.0996 Taxifolin  C15H1207 258.0286  ??? 
327.0782 Triphenyl 
phosphate 
C18H15O4P 328.1794  C14H25N5O2
S 
344.1049  ??? 364.9642  ??? 
349.0602  C14H12N4O5S 377.2091 Riboflavin C17H20N4O6 
 
Table 5-3 List of diagnosing peaks, their predicted formulae, and, where available, a suggested 
compound name. 
 
The heatmap below, in Figure 5-12, uses these eight peaks to clearly show that 
they are suitable for use as a classifier for the selected manuscripts in determining 
which author they belong to.  
Scoparone, which we identified as a likely compound found at m/z 207.0654, 
detected in Smith samples, is a natural plant metabolite which is found from citrus 
fruits such as lemons. Scoparone is formed when lemon juice is heated, (Nafussi 
et al., 2001). It is known that lemon juice has the effect of turning paper brown 
when heated from its use as an invisible ink (Kurien, 2009). Naringenin, which we 
identified as a likely compound found at m/z 273.0289, is also found in lemon 
juice, a predominant flavanone compound (Creaser et al., 1992). It is therefore 
possible, given that we know Smith artificially aged his manuscripts, that he was 
using lemon juice along with heating to give paper a brown colouration. It would 
also explain why both compounds were found in sampled areas of both ink and 
paper in Smith samples. 
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Catechin and taxifolin which we identified as likely compounds found at m/z 
291.0842 and 305.0996 respectively, were also found in Smith samples in both the 
ink and the paper regions. These compounds are both found in citrus fruits as well, 
and therefore could also be from lemon juice, however they also are found in tea, 
wine, and beer (Zanwar et al., 2014; Brusselmans et al., 2005). It is reasonable to 
conclude that the presence these compounds may also be attributed to Smith 
artificially aging his documents with either tea or lemon juice. 
It has been reported in a study using pyrolysis-GC-MS by Keheyan and Giulianelli 
(2006) that some historical inks may have contained ingredients such as 
pomegranate peel and seeds. In this study, they identified citric acid and 
riboflavin as compounds found in pomegranate, which were identified as likely 
compounds in Burns’ ink samples at m/z 230.9904 and 377.2091. In particular, the 
ink recipe they described which contained pomegranate also contained iron gall, 
and was dated from the 15th century. Although this ink pre-dates Burns, it could 
be that he was using similar recipes for his own inks. 
A number of unique identifying peaks from Table 5-3 were shown to be good 
classifiers for Burns and Smiths manuscripts, however no predicted formulas or 
compounds could be given. It would therefore require further analysis such as 
MS/MS in order to identify these compounds, which would be a useful addition to 
further work. 
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Figure 5-12 Heatmap of features found between Burns Inks and paper and Smith inks and paper. 
A Support Vector Machine classifier that distinguished Burns from Smith with a 
0.76 AUC was produced (by Dr. Simon Rogers) and the sensitivity, specificity, and 
false positive rate is shown in figure 5-13 
 
 
Figure 5-13 ROC curve demonstrating the sensitivity, specificity and false positive rate for a 
classifier based on mass spectrometric discrimination of Burns and Smith. To generate the model, 
a hard margin Support Vector Machine classifier was used with an rbf kernel function. Signals from 
both ink and paper were combined in this instance. 
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5.5 Discussion 
It has been shown, using the direct infusion method, that a chemical classifier 
could be created for the authentication of manuscripts. As previously mentioned, 
it is of vital importance that the manuscripts are not visually altered in the 
sampling process, which is shown to be feasible with this method. However, during 
method development, it was important to minimise the risk to the manuscripts 
(from sampling, storage, and transportation), and therefore the sample size for 
this study has remained small. It is understandable that the owners and keepers 
of valuable collections are wary of new techniques and not always willing to co-
operate because the value of some of the works is tens of thousand pounds.  
One of the major advantages of DIMS over other non or minimally destructive 
methods that could be investigated, such as XRF, DART and DESI (Burgio et al., 
2010; Ifa et al., 2007; Jones et al., 2006), is that the sampling can be performed 
at the location of the manuscript. This means the safety and storage of the 
manuscript in appropriate conditions are not compromised during the analysis. As 
the authentication of manuscripts from Burns and Smith using high resolution mass 
spectrometry was the overall aim of the project, DIMS was used whilst we had 
possession of the manuscripts. 
Limitations of the direct infusion method for high MSR mass spectrometry analysis 
of manuscripts include the number of sampling points required in order to obtain 
enough samples for analysis. In order to attain this, three different areas of the 
ink or paper were combined using 2 µl of solvent, as opposed to just one sampling 
point, which allows more potential for damage to the manuscript. The sensitivity 
of the method was suitable in giving unique peaks above the baseline of the 
spectra. The significant peaks identified, however, were low in intensity, and 
there is a concern that some important peaks could have been lost in the noise of 
the spectra. Therefore, fewer sampling points where not investigated, although 
this could be tested in the future to ensure that three sampling points gives 
optimum sensitivity. 
In table 5-3, many of the compounds’ predicted formulas and suggested 
compounds were unavailable.  In order to infer the chemical structures, it would 
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be useful to have fragmentation data, however, during the direct infusion 
analysis, no informative fragmentation data was collected. In future analysis, it 
would be beneficial to ensure that an appropriate tandem mass spectrometry 
method is developed. The Orbitrap Fusion instrument used for the direct infusion 
analysis is capable of tandem mass spectrometry at any level of MSn, which allows 
for very complex and challenging structural questions to be answered. Higher-
energy collision-induced dissociation (HCD) can be used for small molecule 
structural characterisation. The fragment ions can then be detected in the ion 
trap mass analyser of Orbitrap mass analyser, depending on the levels of 
sensitivity or resolution required (Wu et al., 2014; Frese et al., 2013). Including 
fragmentation analysis may, therefore, allow full prediction of the unique peaks 
identified. Tandem mass spectrometry would also be useful for the analysis of 
peptides and proteins that may be found in some inks, as it would ultimately allow 
identification of the ingredients used to make the inks. 
Contamination factors could not be excluded as potential unique markers for 
Smith manuscripts, which were identified as plasticisers, likely to be due to 
storage or transportation conditions. It should, however, be noted that 
interferences and contaminants are common in modern mass spectrometry, 
including plasticisers such as phthalate esters, which can come from the lab 
equipment used or from the atmosphere. Atmospheric ionisation techniques, such 
as those used in DIMS are particularly prone to such contaminants (Keller et al., 
2008). As the contaminants identified were only in the Smith manuscripts, the 
compounds (triphenyl phosphate and Bis(2-methoxyethyl) phthalate) have been 
used as an identifier. It would, however, be possible to find them in other authors’ 
manuscripts and must therefore only be used with caution as an identifier for 
Smith. 
Another potential method that could be investigated is using electrospray laser 
desorption ionisation (ELDI). ELDI allows for very high SpR and does not apply 
solvent to the sample surface and thereby has less potential to damage the 
manuscript as it desorbs the chemical compositions of the ink using laser 
irradiation. ELDI was shown to be successful in distinguishing blue ballpoint pens 
from a paper surface, although it was unable to identify all of the components of 
the ink (Weyermann et al., 2007; Cheng et al., 2010), so it is unknown how much 
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chemical information could be obtained with historic inks. ELDI would also be able 
to sample manuscripts of any size, providing that the stage geometries allow for 
placing large documents. This is challenging with our current DESI instrument, 
although it would be possible to modify a DESI source capable of analysing larger 
documents with a different stage. A very similar method called MALDESI has been 
used successfully for the analysis of textile fabrics and dyes using an infrared laser 
(Cochran et al., 2013). In principal, it is very similar to ELDI, although it can give 
a greater signal, because water is applied to the sample surface which aids in the 
desorption process. In the interrogation of valuable manuscripts, however, this 
would almost certainly leave some damage on the paper surface, and therefore it 
is not really practical. 
Nanospray desorption electrospray ionisation (Nano-DESI) is another technique 
performed under atmospheric conditions that could be considered for the analysis 
of manuscripts. Nano-DESI involves desorbing the analytes from the surface using 
direct infusion with very little solvent, and then this is directed into an ESI source. 
It has yet to be used for the analysis of inks from paper, but it has been shown to 
have excellent SpR for the analysis of tissue samples and bacteria directly from a 
petri dish (Laskin et al., 2012; Watrous et al., 2013).  One of the major downsides 
of this is that placing large manuscripts underneath the Nano-DESI source would 
be very challenging. Below is a summary of the different surface analysis 
techniques for Mass Spectrometry Imaging. 
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Technique Reference Used 
on Ink 
Spatial 
resolution 
Minimally 
destructive 
 
Desorption electrospray 
ionisation (DESI) 
 
 
(Ifa et al., 2007; 
Campbell et al., 
2012) 
 
Yes 
 
< 40 µm 
 
Yes 
Electrospray laser 
desorption ionisation 
(ELDI) 
 
(Cheng et al., 
2010; Weyermann 
et al., 2007) 
 
Yes 
 
Unknown 
 
Yes 
Laser ablation 
electrospray ionisation 
(LAESI) 
 
(Etalo et al., 
2015) 
 
No 
 
200 µm 
 
Yes 
Matrix assisted laser 
desorption electrospray 
ionisation (MALDESI) 
 
(Robichaud et 
al., 2014) 
 
No 
 
100 µm 
 
No 
Nano-spray desorption 
electrospray ionisation 
(Nano-DESI) 
 
(Watrous et al., 
2013; Lanekoff et 
al., 2013) 
 
No 
 
10 µm 
 
Yes 
 
Direct analysis in real 
time (DART) 
 
 
(Jones et al., 
2006) 
 
Yes 
 
 
Unknown 
 
Yes 
 
Easy ambient sonic 
spray ionisation (EASI) 
  
 
(Lalli et al., 
2010) 
 
Yes 
 
Unknown 
 
Yes 
 
Table 5-4 Summary of different ambient surface analysis techniques and their achievable spatial 
resolution for mass spectrometry imaging. 
 
In Table 5-4, ambient surface analysis techniques along with their achievable 
spatial resolution (SpR) are given. Nano-DESI has the highest SpR, depending on 
the size of the capillary used. A nano-DESI source using a pulled capillary of 5 µm 
can achieve a droplet size of 10 µm (Lanekoff et al., 2013). ELDI has not been 
used for MSI, although as the basis for operation is very similar to LAESI, imaging 
experiments would be possible. As an EASI source is very similar to DESI in 
operation, imaging experiments would be possible. DART is unlikely to be useable 
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for MSI without considerable modifications to the source, due to the small size of 
the sample gap as described in section 1.5.1.  
 
5.6 Conclusions 
To the best of our knowledge, this is the first high MSR mass spectrometry analysis 
of manuscripts and historic inks. We were also able to successfully create a 
classifier that distinguishes Burns’ and Smith’s works. Direct infusion shows a great 
deal of promise in the minimally destructive analysis of priceless artefacts, with 
its most significant benefit being that the analysis can be performed anywhere. It 
wouldn’t be out of the realms of possibility to create a ‘kit’ that non-scientists 
could use, which would then be sent to the lab for analysis. This could, of course 
lead to subjective authentication of manuscripts because of the variability of 
different users. It would therefore require extensive testing of any kit produced 
to eliminate variability and to ensure that objective authentication of manuscripts 
is achieved. 
 
 
 
 
 
 
 
 
 
Chapter 6 General Discussion 
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The correct identification of forgeries in the arts community is of great economic 
importance, with some forged works of art still not being detected when they are 
sold at auction. In 2011, Sotheby’s auction house sold an £8.4 million work of 
Dutch artist Frans Hals to a private collector, which in 2016 was found to be a fake 
(Pickford, 2016). Sotheby’s has since invested in scientific expertise by acquiring 
Orion Scientific, formed by James Martin, to examine potential forgeries. In 2017, 
the examined works of arts were valued at over $100 million (Gates, 2018). Since 
2017, Mr. Martin has been involved in examining many forged masterpieces from 
historical works to more modern artists such as Jackson Pollock (Anthony Calnek, 
2018).  
The hypothesis of this thesis was to explore whether it is possible to use mass 
spectrometry to provide distinguishing “fingerprints” by identifying differences in 
ion profiles of inks and papers used by Robert Burns and his forgers by high 
resolution mass spectrometry. The techniques used were shown to be successful 
in this project, and therefore would be of use to the arts community as another 
analytical tool for the detection of forgeries. 
 
6.1 Construction of the DESI source 
The design and construction of a DESI source as previously mentioned, is complex, 
as there are many variables to consider when performing experiments. The DESI 
source that was constructed initially, described in section 4.4.2, was successful 
for the detection of Rhodamine 6G, a readily ionised compound. However, it was 
concluded that due to the air gap between the sprayer, the inner capillary, and 
the solvent exiting the capillary, that the solvent was not correctly charged, and 
therefore the nebulising spray was unable to ionise the samples efficiently. It was 
decided that basing the construction of the DESI on the Abbassi-Ghadi source 
would yield better results. 
A worldwide study was performed, published in 2014 by Gurdak et al. (2014), 
about the repeatability and constancy of 20 DESI sources from different 
laboratories, of which 13 were home-built. Each laboratory was given two 
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samples, a thin layer of Rhodamine and a piece of double-sided adhesive tape. A 
wide range of repeatabilities were found across the different laboratories with 
the average for Rhodamine being 50%. The study demonstrated that there can be 
varied results from different DESI sources, highlighting the importance of careful 
design and construction considerations. The parameters used will be discussed in 
more detail in section 6.2. 
The initial prototype of the DESI source was redesigned in order to deliver voltage 
directly to the solvent via a liquid junction, which greatly improved the sensitivity 
of the experiments. The repeatability of experiments can be greatly influenced 
by the sprayer geometry (Abbassi-Ghadi et al., 2015), and this was difficult to 
control due to the long stainless steel tube. The latest DESI source gives more 
control over the sprayer geometry, a feature that most other lab-built sources can 
alter and is therefore expected to give more repeatable results. 
 
6.2 Development and optimisation of DESI 
In any DESI source, the parameters used is one of the most important and complex 
procedures to fully optimise. The experiments performed in chapters 3 and 4 were 
optimised by carefully altering each parameter in order to give the greatest 
intensity for the sample being analysed using previous literature to begin the 
process (Bodzon-Kulakowska et al., 2014). 
In the study by Gurdak et al. (2014), it was found that across the 20 different 
laboratories, a wide range of different operating parameters were used depending 
on the design of their individual DESI sources, which is most likely why the 
repeatability varies. In the analysis of Rhodamine, the geometrical parameters 
(detailed in Figure 1-14 ) used by the participants were as follows; spray to surface 
distance (d1) of 0.5 to 2.8 mm, sprayer to capillary distance (d3) of 1.5 to 9.0 mm, 
angle of the sprayer (α) of 33 to 80 degrees and in all cases the sample to MS inlet 
distance was less than 0.1 mm. Sprayer parameters also varied as follows; with 
solvent flow from 1.5 to 6.7 µl/min, electrospray voltage from 0.02 to 5 kV, gas 
pressure at 80 to 170 psi and solvent capillary diameter from 50 to 75 µm. The 
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latest design of our lab-built DESI source is well within all of the ranges used here 
for the analysis of Rhodamine with d1 at 1.5 mm, d3 at 5 mm and α at 52 o, solvent 
flow at 1.5 µl/min, voltage at 4 kV, gas pressure at 145 psi and a solvent capillary 
diameter of 50 µm. It is therefore expected that our DESI source would have 
performed well in these repeatability experiments if it was to be included. 
The lab-built DESI source could be used for a range of biological and non-biological 
samples, with the DESI parameters within the expected ranges based on the 
parameters suggested by Takáts et al. (2005), as the analysis of a complex lipid 
spectrum milk in section 4.4.4 required a much higher solvent spray angle than 
the ink samples. This shows that our DESI source is capable of performing 
ionisation of samples in both the ESI and APCI categories detailed in section 1.6.1. 
 
6.3 Imaging experiments using DESI 
In the DESI imaging experiments performed with a lab-built XY stage, detailed in 
section 3.4.1, the apparatus was constructed and controlled using an Arduino 
microcontroller. Successful images were created for Rhodamine 6G dye (section 
4.4.3) and simple ivory black in positive ionisation mode, showing promising 
results for iron gall inks in negative ionisation mode (section 4.4.5). Amino Acids 
were also successfully spatially identified in section 4.4.4. Due to the time 
constraints of the project however, there is still much development required in 
this area in order to be able to spatially identify writing inks from the 17th and 
18th century manuscripts that we were given access. 
The spatial analysis of written works of art such as the poems of Robert Burns 
could have a significant impact in the literary field in the confirmation that all of 
the work was written at the same time. It was suggested to myself, by a collector, 
that a manuscript written by Burns may have been altered in some way after the 
time of writing. In research by Ifa et al. (2007), they were able to identify the 
different blue ballpoint inks used in altering text that were not visible with an 
optical image using DESI. In the context of historic manuscripts, with this kind of 
analysis, it may therefore be possible to identify whether or not same ink was 
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used to write a manuscript. The implications of this could lead literary experts to 
conclude whether the original text was altered by the original author or at a later 
date, depending on the profile of the ink identified, which could alter the meaning 
of the original author’s works. 
In order to perform successful imaging experiments using DESI, it is important to 
have sufficient spatial resolution. This would require both a fully optimised DESI 
source in order to achieve suitable spray parameters, as shown in section 3.4.6, 
and a stable sample stage capable of precise small increments. Our lab built DESI 
source is currently able to perform DESI imaging at approximately 125 µm, 
however spatial resolution of less than as 40 µm has been reported (Ifa et al., 
2007; Campbell et al., 2012; Kertesz and Van Berkel, 2008). 
Achieving low spatial resolution for DESI imaging involves careful optimisation of 
the DESI geometry including the solvent composition and nebulising gas flow rate 
as well as step size of the sampling stage used. A low spatial resolution also 
requires a shorter MS scan rate, so that ions from one point of the image are 
scanned before the subsequent point is imaged on the sample surface. Overall, 
this means that the acquisition time for one sample is significantly increased 
(Campbell et al., 2012). It has also been proposed that a rotational sample stage 
could not only help increase the spatial resolution of the DESI imaging, but reduce 
the length of the MS inlet, which could decrease the effects of any signal 
attenuation due to inlet capillary extension (Kertesz and Van Berkel, 2008). 
With respect to historic manuscript analysis, spatial resolution may not be 
required below 100 µm, or indeed feasible, due to the extra time required for a 
large surface area to be analysed. It would, however, allow for biological samples 
such as tissue sections to be imaged using our DESI source. 
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6.4 Analysis of historic documents using DIMS 
In chapter 5 of this document, I discussed the use of direct infusion mass 
spectrometry (DIMS) for the authentication of historic manuscripts produced by 
Robert Burns and Antique Smith. It was found that a different signature for each 
manuscript could be identified using high resolution mass spectrometry. 
Differences were found in both the inks and the papers used by each author. Using 
this method, a chemical classifier was created using the discriminatory significant 
peaks showing clear differences between each author. Only a small number of 
manuscripts from each author were analysed because of access constraints to the 
original documents. Eight significant peaks were manually selected for further 
analysis, and it can be seen clearly in Figure 5-12 that there are differences 
between the works produced by the two authors. 
DIMS was shown to be minimally destructive, causing no visible damage, and is 
therefore, suitable as an authentication tool for collectors of historic manuscripts 
and auction houses selling them to help determine authenticity. DIMS could be 
used as a complementary technique to the other more established microscopic 
methods currently employed by established auction houses today (Anthony 
Calnek, 2018). In order for this to be achievable, an extensive library would be 
required in order to provide provenance of the manuscript in question. 
 
6.5 Further work 
During this project, a working DESI source has been designed and constructed with 
attempts to optimise for use with historic documents. Due to time constraints, 
the latest modifications of our DESI source, based on what has been referred to 
as the Abbassi-Ghadi source, are yet to be fully optimised for document analysis. 
Given time and funding to extend the project, DESI could become a valuable tool 
for analysing historic manuscripts as well as other artefacts, such as paintings, 
across the literary and arts community. 
Investigations into the best solvent choice should be one of the first areas of 
optimisation performed for the DESI experiments. It has been suggested that 
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higher concentrations of methanol can assist in the desorption of solvents used in 
blue ballpoint writing inks (Ifa et al., 2007). Other solvents such as acetonitrile, 
ethanol, and propan-2-ol have been investigated for DESI solvent composition, 
showing that the correct composition can lead to a 35 fold increase in DESI 
efficiency (Green et al., 2010). It would, however, require great care in ensuring 
that increasing methanol content, or the organic solvent fraction, wouldn’t cause 
destruction to the sample. It might be that different solvents are more suited to 
certain inks, and therefore multiple runs may be required for each manuscript. 
Once a solvent with the highest efficiency has been selected, the DESI parameters 
can be investigated fully. These have been described in detail previously in section 
1.6.2 and section 3.4.6. The geometry of the DESI source is important in selecting 
the correct ionisation mechanism for the sample type: these include the nebulising 
spray to sample surface distance and angle, nebulising spray to MS inlet distance, 
and the MS inlet to the sample surface distance. The spray parameters used can 
have a direct link to the correct geometry of the source, which includes the 
voltage, solvent flow rate, and gas flow rates used. When any one of these 
parameters are altered, for both the geometry and spray conditions, it will have 
an effect on some of the other parameters, making optimisation of DESI for any 
one sample type a very complex and time-consuming process (Bodzon-Kulakowska 
et al., 2014). In the analysis of historic inks, it would be beneficial to modify the 
analysis to include large molecules, such as peptides and proteins, which can be 
found in ingredients for some of the inks described. 
The direct infusion mass spectrometry (DIMS) for the authentication of 
manuscripts has been proven to be a valuable tool, potentially useful to collectors 
of literary works and by auction houses, to aid with the authentication of spurious 
documents. DIMS has received interest from Sotheby’s since the publication in 
Scientific Reports of our results using this method (Newton et al., 2018). It has 
been shown that a number of unique identifying peaks could be detected for the 
Burns and Smith samples, however, further work such as including fragmentation 
analysis would be beneficial for suggesting the compounds present. DIMS has been 
shown to be minimally destructive, as no visible damage was seen to the 
documents we tested, and it has the ability for sampling to be performed on site 
for later testing by Mass Spectrometry. 
Chapter 6  General Discussion  118 
  
In order for DIMS to be a valuable tool for authenticating written manuscripts, the 
creation of a library would be one of the first steps required for furthering the 
work. The library would involve sampling manuscripts from different time periods 
for a range of works written around the world. This would then enable a number 
of chemical classifiers to be produced, which would be used to identify a time 
period and determine the authenticity of suspected spurious manuscripts. The 
library would need to be extensive and therefore would take time and co-
operation from existing libraries and collectors to complete. In the future, a ‘kit’ 
could be provided to those who wish for a manuscript to be analysed, given the 
relative ease by which the method can be performed. 
DIMS could also be investigated for the analysis of other artefacts such as 
paintings, although this would likely need to be a separate project following from 
the success of document analysis. 
 
6.6 Final conclusions 
The project has been great success overall, showing the capabilities of DESI and 
the development of DIMS for the authentication of written manuscripts. It has 
been multidisciplinary, involving the arts, chemical sciences, and computer 
sciences to create a tool which could be used in the future by historians. Given 
the appropriate funding, the project can easily be furthered, which could be of 
significant benefit to collectors and auction houses. 
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Appendices 
 
Appendix I 
An extract of the Arduino coding required, with some of the important 
parameters, for the movement of the lab-built XY stage by an area of 62 x 15 
mm with 1.25 cm space between lines, used for the imaging of ‘Polyomics’ in 
section 4.4.3. 
//------------------------------------------------------------------------------ 
// CONSTANTS 
//------------------------------------------------------------------------------ 
#define VERBOSE (1) //  
#define VERSION ("3-rc3") //  
#define BAUD (57600) //  
#define MAX_BUF (64) //  
#define STEPS_PER_TURN (514) //  
#define MIN_STEP_DELAY (50) 
#define MAX_FEEDRATE (90) 
#define MIN_FEEDRATE (1) 
#define StepsPerUnit (2230)   // how many steps per in/mm  
#define DimensionX (3000)     // traverse path for X  
#define DimensionY (3000)     // traverse path for Y  
#define DimensionZ (1000)     // traverse path for Z  
 
//------------------------------------------------------------------------------ 
// LINE 
//------------------------------------------------------------------------------ 
void line(float newx,float newy,float newz) { 
  Serial.println("Moving"); 
//  if (!has_origin) {  
//    Serial.println("No origin defined. Please perform a homing."); 
//    return; 
//  } 
  if (HardwareEndSwitches) { 
    if (!digitalRead(LimitSwitchHomeX)) {                                 
      Serial.println("Hardware Limit Switch X Home Reached!"); 
      return; 
    } 
    if (!digitalRead(LimitSwitchHomeY)) { 
      Serial.println("Hardware Limit Switch Y Home Reached!"); 
      return; 
    } 
    if (!digitalRead(LimitSwitchHomeZ)) { 
      Serial.println("Hardware Limit Switch Z Home Reached!"); 
      return; 
    } 
  140 
  int dirx, diry, dirz;     
  long dx=newx-(px * StepsPerUnit); 
  long dy=newy-(py * StepsPerUnit); 
  long dz=newz-(pz * StepsPerUnit); 
   
//------------------------------------------------------------------------------ 
// PROCESS COMAND 
//------------------------------------------------------------------------------ 
void processCommand() { 
  int cmd = parsenumber('G',-1); 
  switch(cmd) { 
  case 0: // move linear 
  case 1: // move linear 
    feedrate(parsenumber('F',fr)); 
    int StepsToMoveX, StepsToMoveY, StepsToMoveZ; 
    StepsToMoveX = parsenumber('X', px) * StepsPerUnit; 
    StepsToMoveY = parsenumber('Y', py) * StepsPerUnit; 
    StepsToMoveZ = parsenumber('Z', pz) * StepsPerUnit; 
    line(StepsToMoveX, StepsToMoveY ,StepsToMoveZ); 
    break; 
  case 11: 
    serpentine(); 
    break; 
  case 12: 
    xTest2(); 
    break; 
  
 
//------------------------------------------------------------------------------ 
// CASE 
//------------------------------------------------------------------------------  
// Area 6.2cm x 1.5cm with 0.125cm space between lines /12/ 
 
void xTest2(){ 
  int x_dist = 500; 
  int y_dist = 8000; 
  int n_loops= 6; 
 for(int i=0;i<n_loops;i++){  
  for (int j=0;j<y_dist;j++){ //Repeated 16 times 
   onestep(1,1); 
  } 
  for (int j=0;j<x_dist;j++){ //Repeated 5 times  
   onestep(2,-1); 
  } 
   for (int j=0;j<y_dist;j++){ //Repeated 16 times 
   onestep(1,-1); 
  } 
  for (int j=0;j<x_dist;j++){ //Repeated 5 times 
   onestep(2,-1); 
  } 
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Appendix II 
Significant peaks found using DIMS with a q-value of <0.05 and that do not 
appear in more than 10 % of the blanks when comparing areas of sampled blank 
paper for historic manuscripts. 
Key: 
 Red - Significant peaks coloured red are most commonly found in R. Burns 
 Blue - Significant peaks coloured blue are most commonly found in A. Smith 
 N_blank – the number of times a peak appears in the blanks. 
 
 
 
  
  
  
  
 Sm
ith 
  
  
  
  
  
m
z 
MSS1b 
MSS2b 
MSS3b 
MSS4b 
MSS5b 
MSS5b1 
MSS5b2 
MSS5b3 
MSS6b 
MSS13b 
MSS13b1 
163.0392 
2.628 
7.731 
8.337 
  
1.890 
1.349 
  
1.635 
6.572 
26.026 
4.721 
207.0654 
2.920 
6.787 
4.319 
  
  
0.914 
  
0.975 
5.852 
15.657 
6.158 
208.0688 
0.407 
0.899 
0.482 
  
0.269 
  
  
  
0.857 
2.024 
0.970 
245.0786 
0.299 
0.994 
0.129 
1.125 
  
0.514 
  
0.666 
0.213 
0.789 
0.385 
283.1178 
6.687 
13.865 
9.196 
2.587 
3.528 
1.817 
  
2.043 
13.418 
29.421 
12.385 
284.1214 
1.117 
2.287 
1.551 
0.453 
0.585 
0.304 
  
0.395 
1.875 
4.496 
1.817 
305.0996 
  
0.791 
0.436 
0.779 
  
0.473 
  
0.764 
0.641 
12.614 
3.424 
327.0782 
21.963 
52.314 
13.329 
15.488 
31.780 
9.117 
2.700 
10.078 
30.004 
16.520 
4.583 
328.0816 
4.288 
9.329 
2.617 
2.953 
6.247 
1.769 
1.962 
2.003 
5.529 
3.270 
0.818 
345.1081 
1.258 
2.829 
0.639 
0.748 
1.796 
0.480 
  
0.497 
1.532 
0.694 
  
349.0602 
0.855 
1.177 
0.618 
2.148 
0.647 
0.916 
0.703 
1.278 
0.711 
1.958 
0.475 
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Table continued. 
 
 
 
Sm
ith 
 
  
  
  
 Burns 
  
  
  
  
 
 
 
m
z 
MSS13b2 
MSS13b3 
MSS10b 
MSS11b 
MSS11b1 
MSS11b2 
MSS11b3 
MSS14b 
MSS14b1 
MSS14b2 
MSS14b3 
n_blank 
pval 
qval 
163.0392 
3.289 
5.986 
  
  
  
  
  
  
  
  
  
0 
3.50E-06 
4.99E-04 
207.0654 
3.761 
8.004 
  
  
  
  
  
  
  
  
  
0 
6.72E-05 
8.39E-03 
208.0688 
0.487 
1.041 
  
  
  
  
  
  
  
  
  
0 
4.75E-04 
2.63E-02 
245.0786 
0.271 
0.492 
  
  
  
  
  
  
  
  
0.473 
0 
2.65E-04 
1.89E-02 
283.1178 
7.638 
15.985 
  
  
  
  
  
  
  
  
  
0 
1.92E-08 
9.61E-06 
284.1214 
1.245 
2.381 
  
  
  
  
  
  
  
  
  
0 
4.73E-08 
1.57E-05 
305.0996 
2.584 
6.650 
  
  
  
  
  
  
  
  
  
0 
1.28E-04 
1.17E-02 
327.0782 
  
4.520 
  
  
  
  
  
4.690 
  
  
  
0 
2.72E-06 
4.52E-04 
328.0816 
0.412 
1.059 
  
  
  
  
  
1.079 
  
  
  
0 
6.49E-09 
6.48E-06 
345.1081 
  
  
  
  
  
  
  
  
  
  
  
0 
4.61E-04 
2.71E-02 
349.0602 
0.303 
0.667 
  
0.371 
  
  
  
1.006 
  
  
  
0 
2.10E-06 
4.20E-04 
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Appendix III 
Significant peaks found using DIMS with a q-value of <0.05 and that do not 
appear in more than 10 % of the blanks when comparing areas of sampled text 
(handwritten ink) for historic manuscripts. 
Key: 
 Red - Significant peaks coloured red are most commonly found in R. Burns 
 Blue - Significant peaks coloured blue are most commonly found in A. Smith 
 N_blank – the number of times a peak appears in the blanks. 
 
 
 
Sm
ith 
  
  
  
  
  
  
  
  
  
  
m
z 
MSS1a 
MSS2a 
MSS3a 
MSS4a 
MSS5a 
MSS5a1 
MSS5a2 
MSS5a3 
MSS6a 
MSS13a 
MSS13a1 
483.0763 
  
  
0.280 
  
  
  
0.230 
  
  
  
  
377.2091 
  
  
  
  
  
  
  
  
  
  
  
364.9642 
  
  
  
  
  
  
  
  
  
  
  
350.0636 
0.200 
0.170 
2.350 
1.190 
0.600 
  
  
0.370 
0.470 
0.570 
0.310 
349.0602 
1.250 
0.720 
11.930 
5.760 
3.040 
  
0.570 
1.760 
2.260 
2.700 
1.420 
345.1081 
1.720 
0.850 
1.380 
2.010 
0.420 
0.130 
  
  
1.070 
0.940 
  
344.1049 
9.330 
4.440 
6.460 
9.440 
1.570 
0.870 
0.600 
1.370 
5.450 
4.530 
  
328.1794 
  
  
  
  
  
  
  
  
  
  
  
328.0816 
6.440 
2.910 
4.530 
6.820 
1.320 
0.680 
0.450 
0.810 
3.410 
4.350 
1.110 
327.0782 
33.090 
15.080 
23.790 
36.150 
6.320 
2.700 
1.880 
4.330 
17.510 
22.430 
4.890 
305.1281 
  
  
  
  
  
  
0.620 
  
  
  
  
305.0996 
4.770 
1.170 
33.760 
1.660 
1.190 
  
  
  
5.590 
9.970 
20.250 
291.0842 
0.540 
0.300 
4.560 
0.340 
1.180 
  
0.480 
0.570 
1.360 
1.640 
2.810 
284.1214 
5.310 
5.990 
3.070 
0.810 
  
  
  
  
1.930 
11.460 
8.570 
283.1178 
37.570 
5.570 
15.980 
5.070 
1.310 
  
  
  
12.690 
26.710 
27.350 
276.0392 
  
  
  
  
  
  
  
0.140 
  
  
  
273.0289 
  
0.240 
1.760 
0.540 
  
  
  
  
0.370 
0.710 
0.450 
272.0655 
  
  
  
  
  
  
  
  
  
  
  
258.0286 
  
  
  
  
  
  
  
  
  
  
  
243.0993 
  
  
  
  
  
  
  
  
  
  
  
230.9904 
  
  
  
  
  
  
  
  
  
  
  
224.0531 
  
  
  
  
  
  
  
  
  
  
  
208.0688 
1.860 
0.310 
0.890 
0.270 
  
  
  
  
0.610 
1.750 
1.570 
207.0654 
15.940 
2.430 
6.740 
2.260 
  
  
  
  
5.380 
14.570 
12.660 
202.0711 
  
  
  
  
  
  
  
  
  
  
  
130.5259 
  
  
  
  
  
  
0.650 
0.400 
  
  
  
113.9639 
0.650 
  
  
  
  
  
  
  
  
  
  
90.94793 
0.430 
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Table continued. 
 
 
 
Sm
ith 
  
Burns 
  
  
  
  
  
  
  
  
 
 
 
m
z 
MSS13a2 
MSS13a3 
MSS10a 
MSS11a 
MSS11a1 
MSS11a2 
MSS11a3 
MSS14a 
MSS14a1 
MSS14a2 
MSS14a3 
n_blank 
pval 
qval 
483.0763 
0.080 
  
  
0.560 
0.230 
0.350 
0.450 
  
0.430 
0.450 
0.460 
0 
2.00E-03 
4.60E-02 
377.2091 
  
  
  
0.300 
  
  
0.320 
  
0.160 
0.330 
0.180 
0 
1.00E-03 
3.40E-02 
364.9642 
  
  
  
0.500 
0.360 
0.570 
0.880 
  
0.760 
0.900 
0.760 
1 
3.00E-06 
6.00E-04 
350.0636 
0.300 
  
  
  
  
  
  
0.130 
  
  
  
0 
6.00E-04 
2.30E-02 
349.0602 
1.140 
0.640 
  
  
  
  
  
0.640 
  
  
  
0 
3.00E-06 
7.00E-04 
345.1081 
0.420 
0.230 
  
  
  
  
  
  
  
  
  
0 
1.00E-04 
7.00E-03 
344.1049 
1.420 
1.240 
  
  
  
  
  
0.920 
  
  
  
0 
3.00E-06 
6.00E-04 
328.1794 
  
  
  
0.850 
  
  
0.760 
  
0.720 
0.620 
0.820 
0 
1.00E-03 
3.40E-02 
328.0816 
1.220 
0.880 
  
  
  
  
  
0.890 
  
  
  
0 
1.00E-08 
7.00E-06 
327.0782 
6.110 
4.580 
  
  
  
  
  
4.060 
  
  
  
0 
6.00E-09 
7.00E-06 
305.1281 
  
  
  
2.140 
0.620 
1.100 
1.370 
  
1.380 
1.410 
1.640 
1 
9.00E-05 
8.00E-03 
305.0996 
3.400 
1.490 
  
  
  
  
  
  
  
  
  
0 
9.00E-05 
8.00E-03 
291.0842 
0.580 
  
  
0.470 
  
  
  
0.410 
  
  
  
0 
1.00E-03 
3.50E-02 
284.1214 
2.950 
3.000 
  
  
  
  
  
  
  
  
  
0 
5.00E-04 
2.00E-02 
283.1178 
6.930 
4.130 
  
  
  
  
  
  
  
  
  
0 
7.00E-05 
6.00E-03 
276.0392 
  
  
  
0.840 
  
0.170 
0.380 
  
0.170 
0.160 
0.180 
0 
1.00E-03 
3.60E-02 
273.0289 
0.470 
0.450 
  
  
  
  
  
  
  
  
  
0 
2.00E-03 
4.70E-02 
272.0655 
  
  
0.550 
0.360 
  
1.670 
0.400 
  
  
0.450 
0.460 
1 
1.00E-04 
8.00E-03 
258.0286 
  
  
  
2.650 
0.370 
0.770 
0.630 
  
0.480 
0.490 
0.550 
0 
5.00E-06 
6.00E-04 
243.0993 
  
  
  
0.350 
  
0.160 
0.350 
  
0.370 
  
0.370 
0 
1.00E-03 
3.30E-02 
230.9904 
  
  
  
  
0.430 
1.120 
0.780 
  
1.170 
1.080 
1.120 
0 
1.00E-04 
7.00E-03 
224.0531 
  
  
  
4.600 
0.580 
1.090 
0.770 
  
0.320 
  
  
0 
1.00E-03 
3.60E-02 
208.0688 
0.430 
0.400 
  
  
  
  
  
  
  
  
  
0 
6.00E-04 
2.20E-02 
207.0654 
3.410 
2.390 
  
  
  
  
  
  
  
  
  
0 
4.00E-04 
2.00E-02 
202.0711 
  
  
  
8.660 
1.050 
1.560 
0.370 
0.400 
  
  
  
0 
2.00E-03 
4.20E-02 
130.5259 
  
  
0.160 
0.580 
0.540 
1.170 
1.060 
0.310 
  
0.710 
0.930 
1 
2.00E-04 
9.00E-03 
113.9639 
  
  
0.550 
4.000 
0.560 
1.560 
0.840 
0.450 
  
0.390 
  
1 
2.00E-04 
1.10E-02 
90.94793 
  
  
0.480 
3.910 
0.560 
1.410 
0.800 
0.460 
  
  
  
1 
1.00E-03 
3.70E-02 
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Appendix IV 
Significant peaks found using DIMS with a q-value of <0.05 and that do not 
appear in more than 10 % of the blanks when comparing areas of both the 
sampled blank paper and text for historic manuscripts. 
Key: 
 Red - Significant peaks coloured red are most commonly found in R. Burns 
 Blue - Significant peaks coloured blue are most commonly found in A. Smith 
 N_blank – the number of times a peak appears in the blanks. 
 
 
 
 
  
  
  
  
Sm
ith 
 
  
  
  
  
m
z 
MSS1a 
MSS2a 
MSS3a 
MSS4a 
MSS5a 
MSS5a1 
MSS5a2 
MSS5a3 
MSS6a 
MSS13a 
MSS13a1 
79.01812 
  
  
2.495 
  
  
3.847 
7.915 
6.426 
4.173 
  
  
109.065 
2.339 
1.252 
1.509 
2.962 
0.812 
  
  
  
  
  
  
110.9756 
  
  
  
  
  
0.994 
2.274 
  
  
  
  
113.9639 
0.653 
  
  
  
  
  
  
  
  
  
  
128.9861 
  
  
  
  
  
2.461 
7.112 
5.214 
1.045 
  
  
141.1137 
  
  
  
  
  
1.553 
  
  
  
  
  
163.0392 
19.655 
4.903 
  
3.669 
  
  
  
  
  
14.080 
45.949 
164.0425 
1.806 
0.516 
  
  
  
  
  
  
  
1.567 
4.467 
172.0935 
  
  
  
  
  
  
0.662 
0.493 
  
0.504 
  
177.0548 
9.612 
16.532 
6.135 
9.895 
2.220 
  
  
  
  
3.734 
  
178.0584 
0.984 
2.001 
0.901 
1.295 
0.463 
  
0.221 
0.474 
0.427 
  
0.492 
202.0711 
  
  
  
  
  
  
  
  
  
  
  
202.144 
0.324 
0.130 
  
0.466 
  
  
  
  
0.366 
  
  
204.1232 
0.307 
0.182 
0.745 
0.484 
  
  
  
  
0.461 
  
  
207.0654 
15.936 
2.429 
6.738 
2.259 
  
  
  
  
5.380 
14.566 
12.661 
208.0688 
1.863 
0.312 
0.886 
0.270 
  
  
  
  
0.614 
1.749 
1.572 
224.0531 
  
  
  
  
  
  
  
  
  
  
  
224.1001 
1.204 
1.990 
0.845 
1.267 
0.361 
  
  
  
  
  
0.288 
230.9904 
  
  
  
  
  
  
  
  
  
  
  
236.9087 
0.587 
0.310 
  
0.416 
  
  
0.304 
  
0.651 
  
  
240.027 
  
  
  
  
  
  
  
  
  
  
  
243.0993 
  
  
  
  
  
  
  
  
  
  
  
245.0786 
0.606 
1.482 
6.109 
1.896 
1.427 
  
0.500 
0.968 
0.951 
1.041 
0.887 
253.1203 
0.240 
0.139 
0.920 
0.471 
  
0.371 
0.708 
0.760 
0.446 
0.461 
0.587 
256.0858 
  
  
  
  
  
  
  
  
  
  
  
257.0423 
0.196 
  
0.739 
  
  
  
0.482 
0.514 
0.342 
  
0.400 
258.0286 
  
  
  
  
  
  
  
  
  
  
  
261.0526 
2.433 
3.294 
7.866 
2.460 
1.404 
  
  
  
  
0.932 
0.769 
269.1022 
1.001 
0.240 
  
  
  
  
  
  
0.492 
1.263 
1.004 
272.0655 
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Table continued. 
 
 
 
  
  
  
  
  
  
Sm
ith 
 
  
  
  
  
  
  
m
z 
MSS13a2 
MSS13a3 
MSS1b 
MSS2b 
MSS3b 
MSS4b 
MSS5b 
MSS5b1 
MSS5b2 
MSS5b3 
MSS6b 
MSS13b 
MSS13b1 
MSS13b2 
MSS13b3 
79.01812 
  
2.990 
  
  
  
  
  
8.349 
  
  
  
3.623 
  
  
  
109.065 
  
  
3.546 
2.715 
3.686 
2.813 
  
  
  
  
2.268 
  
  
  
  
110.9756 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
113.9639 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
128.9861 
  
  
  
  
  
  
  
1.494 
  
  
  
  
  
  
  
141.1137 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
163.0392 
8.652 
1.730 
2.628 
7.731 
8.337 
  
1.890 
1.349 
  
1.635 
6.572 
26.026 
4.721 
3.289 
5.986 
164.0425 
0.732 
  
  
0.797 
0.810 
  
  
  
  
  
0.741 
2.781 
0.600 
0.394 
0.634 
172.0935 
  
0.289 
  
  
  
  
  
0.923 
  
0.386 
  
0.434 
  
  
  
177.0548 
  
1.644 
5.706 
22.924 
4.384 
5.395 
4.923 
  
  
3.391 
5.802 
  
  
  
2.032 
178.0584 
0.334 
  
0.721 
2.686 
0.666 
0.590 
0.534 
0.294 
  
0.487 
0.753 
  
  
  
  
202.0711 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
202.144 
  
  
0.527 
0.569 
0.395 
0.323 
0.640 
  
  
  
0.615 
  
  
  
  
204.1232 
  
  
0.424 
0.340 
0.208 
0.375 
0.340 
  
  
  
  
  
  
  
  
207.0654 
3.413 
2.393 
2.920 
6.787 
4.319 
  
  
0.914 
  
0.975 
5.852 
15.657 
6.158 
3.761 
8.004 
208.0688 
0.429 
0.400 
0.407 
0.899 
0.482 
  
0.269 
  
  
  
0.857 
2.024 
0.970 
0.487 
1.041 
224.0531 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
224.1001 
0.291 
  
  
2.872 
0.100 
  
  
0.321 
  
0.477 
  
  
0.261 
  
0.262 
230.9904 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
236.9087 
  
  
0.828 
0.518 
1.133 
0.622 
0.433 
0.196 
  
  
0.669 
  
  
  
  
240.027 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
243.0993 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
245.0786 
0.562 
0.339 
0.299 
0.994 
0.129 
1.125 
  
0.514 
  
0.666 
0.213 
0.789 
0.385 
0.271 
0.492 
253.1203 
0.475 
  
  
  
0.263 
0.452 
  
0.208 
  
0.360 
  
0.603 
0.444 
  
0.335 
256.0858 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
257.0423 
0.444 
  
  
0.189 
  
0.417 
  
  
  
0.293 
  
  
0.365 
  
  
258.0286 
  
  
  
  
  
  
  
  
  
  
  
  
  
  
  
261.0526 
0.398 
  
0.493 
2.999 
0.424 
1.561 
0.252 
  
  
0.514 
0.441 
1.183 
  
  
  
269.1022 
  
  
  
0.492 
0.483 
  
  
  
  
  
0.681 
1.165 
0.476 
0.343 
0.654 
272.0655 
  
  
  
  
  
  
  
  
  
  
  
  
  
0.365 
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Table continued. 
 
 
 
  
  
  
  
  
 Burns 
  
  
  
  
  
m
z 
MSS10a 
MSS11a 
MSS11a1 
MSS11a2 
MSS11a3 
MSS14a 
MSS14a1 
MSS14a2 
MSS14a3 
MSS10b 
MSS11b 
MSS11b1 
79.01812 
11.133 
9.084 
5.718 
5.953 
4.813 
6.523 
3.930 
4.085 
4.409 
  
5.373 
  
109.065 
  
  
  
  
  
  
  
  
  
  
  
  
110.9756 
0.389 
0.538 
1.304 
1.809 
  
0.655 
1.705 
  
  
0.642 
  
  
113.9639 
0.549 
3.995 
0.559 
1.559 
0.842 
0.452 
  
0.391 
  
  
0.358 
  
128.9861 
0.490 
  
3.575 
3.559 
6.519 
1.013 
4.999 
5.033 
5.784 
1.438 
  
  
141.1137 
  
  
1.094 
  
2.146 
  
1.763 
2.671 
2.047 
  
  
  
163.0392 
  
  
  
  
  
1.944 
  
  
  
  
  
  
164.0425 
  
  
  
  
  
  
  
  
  
  
  
  
172.0935 
1.032 
0.691 
0.503 
0.875 
  
0.592 
  
  
0.514 
0.354 
0.667 
0.279 
177.0548 
  
  
  
  
  
  
  
  
  
  
  
  
178.0584 
  
  
  
  
  
  
0.495 
0.636 
0.510 
  
  
  
202.0711 
  
8.660 
1.053 
1.563 
0.369 
0.405 
  
  
  
  
7.276 
  
202.144 
  
  
  
  
  
  
  
  
  
  
  
  
204.1232 
  
  
  
  
  
  
  
  
  
  
  
  
207.0654 
  
  
  
  
  
  
  
  
  
  
  
  
208.0688 
  
  
  
  
  
  
  
  
  
  
  
  
224.0531 
  
4.599 
0.577 
1.094 
0.775 
  
0.317 
  
  
  
5.037 
  
224.1001 
  
  
  
  
  
  
  
  
  
  
  
  
230.9904 
  
  
0.431 
1.125 
0.777 
  
1.168 
1.084 
1.119 
  
  
  
236.9087 
  
  
  
  
  
  
  
  
  
  
  
  
240.027 
  
15.996 
0.743 
2.201 
0.621 
  
  
  
  
  
10.126 
  
243.0993 
  
0.348 
  
0.157 
0.350 
  
0.369 
  
0.366 
  
  
  
245.0786 
  
  
  
  
0.432 
0.531 
0.791 
0.910 
0.767 
  
  
  
253.1203 
0.153 
2.042 
0.857 
1.362 
1.516 
0.708 
1.408 
1.612 
1.732 
0.709 
1.411 
0.359 
256.0858 
  
0.695 
0.775 
0.897 
0.471 
  
  
  
  
  
  
0.465 
257.0423 
  
1.034 
0.577 
0.839 
1.150 
0.437 
1.121 
1.146 
1.201 
0.415 
0.697 
0.285 
258.0286 
  
2.646 
0.366 
0.768 
0.626 
  
0.484 
0.488 
0.555 
  
3.090 
  
261.0526 
  
0.811 
  
0.153 
  
  
  
0.367 
  
0.281 
  
  
269.1022 
  
  
  
  
  
  
  
  
  
  
  
  
272.0655 
0.552 
0.358 
  
1.666 
0.397 
  
  
0.445 
0.459 
  
0.666 
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Table continued. 
 
 
 
 
Burns 
 
 
 
m
z 
MSS11b2 
MSS11b3 
MSS14b 
MSS14b1 
MSS14b2 
MSS14b3 
n_blank 
pval 
qval 
79.01812 
  
4.087 
4.679 
2.022 
3.779 
2.385 
1 
3.14E-04 
1.14E-02 
109.065 
  
  
  
  
  
  
1 
2.23E-03 
4.52E-02 
110.9756 
  
  
0.747 
  
1.091 
  
1 
1.89E-03 
3.99E-02 
113.9639 
  
  
  
  
  
  
1 
7.47E-04 
2.04E-02 
128.9861 
0.927 
0.556 
1.326 
  
2.149 
1.138 
1 
1.10E-04 
5.83E-03 
141.1137 
  
1.644 
  
  
  
3.039 
0 
2.15E-03 
4.41E-02 
163.0392 
  
  
  
  
  
  
0 
3.84E-06 
3.71E-04 
164.0425 
  
  
  
  
  
  
0 
5.23E-04 
1.68E-02 
172.0935 
0.433 
0.484 
0.412 
  
0.498 
  
2 
2.09E-03 
4.34E-02 
177.0548 
0.671 
  
  
  
  
  
2 
9.26E-05 
5.24E-03 
178.0584 
  
  
  
  
  
0.392 
0 
1.24E-03 
2.86E-02 
202.0711 
  
0.679 
1.023 
  
  
  
0 
1.13E-04 
5.79E-03 
202.144 
  
  
  
  
  
  
2 
2.35E-03 
4.48E-02 
204.1232 
  
  
  
  
  
  
1 
2.30E-03 
4.55E-02 
207.0654 
  
  
  
  
  
  
0 
5.21E-08 
7.12E-06 
208.0688 
  
  
  
  
  
  
0 
4.06E-07 
4.44E-05 
224.0531 
  
  
  
  
  
  
0 
1.46E-03 
3.23E-02 
224.1001 
  
  
  
  
  
  
0 
3.07E-04 
1.14E-02 
230.9904 
  
  
  
  
  
0.344 
0 
3.05E-04 
1.16E-02 
236.9087 
  
  
  
  
  
  
1 
4.76E-04 
1.60E-02 
240.027 
  
0.216 
0.410 
  
  
  
0 
6.14E-04 
1.83E-02 
243.0993 
  
  
  
  
  
0.093 
0 
1.28E-03 
2.88E-02 
245.0786 
  
  
  
  
  
0.473 
0 
8.39E-05 
5.29E-03 
253.1203 
0.580 
0.359 
0.601 
  
0.529 
1.013 
1 
2.31E-03 
4.50E-02 
256.0858 
0.622 
  
  
  
  
  
0 
1.07E-03 
2.59E-02 
257.0423 
0.484 
  
0.324 
  
0.392 
0.996 
2 
8.10E-04 
2.14E-02 
258.0286 
  
  
  
  
  
  
0 
8.72E-05 
5.30E-03 
261.0526 
  
  
  
  
  
  
0 
2.36E-03 
4.46E-02 
269.1022 
  
  
  
  
  
  
0 
4.77E-04 
1.57E-02 
272.0655 
  
  
  
  
0.131 
  
1 
6.70E-04 
1.93E-02 
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Sm
ith 
m
z 
MSS1a 
MSS2a 
MSS3a 
MSS4a 
MSS5a 
MSS5a1 
MSS5a2 
MSS5a3 
MSS6a 
MSS13a 
MSS13a1 
MSS13a2 
MSS13a3 
273.0289 
  
0.240 
1.755 
0.535 
  
  
  
  
0.371 
0.712 
0.452 
0.469 
0.446 
276.0392 
  
  
  
  
  
  
  
0.144 
  
  
  
  
  
280.935 
  
0.197 
0.552 
0.840 
0.596 
  
0.668 
0.615 
0.825 
  
  
  
  
282.9053 
0.470 
0.692 
  
  
  
  
  
  
0.798 
  
  
  
  
283.1178 
37.572 
5.570 
15.979 
5.065 
1.309 
  
  
  
12.685 
26.708 
27.347 
6.925 
4.132 
284.1214 
5.313 
5.985 
3.067 
0.809 
  
  
  
  
1.929 
11.460 
8.565 
2.952 
3.004 
286.1287 
1.371 
0.338 
0.922 
  
  
  
  
  
0.566 
1.545 
1.212 
  
  
291.0842 
0.544 
0.303 
4.565 
0.337 
1.180 
  
0.480 
0.572 
1.362 
1.636 
2.812 
0.582 
  
300.1444 
24.668 
  
9.875 
  
  
  
  
  
  
12.606 
13.532 
3.252 
  
301.1477 
3.608 
0.537 
  
  
  
  
  
  
1.126 
2.032 
2.429 
  
  
305.0996 
4.772 
1.167 
33.765 
1.660 
1.191 
  
  
  
5.588 
9.966 
20.249 
3.399 
1.486 
305.1281 
  
  
  
  
  
  
0.616 
  
  
  
  
  
  
307.058 
1.977 
0.361 
5.991 
  
  
  
  
  
0.972 
1.907 
2.125 
  
  
321.0737 
23.794 
3.684 
58.118 
  
  
  
  
  
12.734 
17.237 
21.853 
3.247 
  
322.077 
3.311 
0.611 
8.646 
  
  
  
  
  
2.068 
3.084 
3.286 
0.614 
  
327.0782 
33.090 
15.075 
23.788 
36.153 
6.320 
2.702 
1.882 
4.328 
17.511 
22.430 
4.891 
6.112 
4.580 
327.1759 
  
  
  
  
  
  
1.358 
  
  
  
  
  
  
328.0816 
6.438 
2.913 
4.533 
6.825 
1.319 
0.678 
0.446 
0.810 
3.411 
4.350 
1.109 
1.223 
0.876 
328.1794 
  
  
  
  
  
  
  
  
  
  
  
  
  
344.1049 
9.332 
4.439 
6.465 
9.440 
1.567 
0.868 
0.596 
1.371 
5.450 
4.526 
  
1.421 
1.237 
345.1081 
1.725 
0.847 
1.378 
2.007 
0.420 
0.134 
  
  
1.071 
0.939 
  
0.416 
0.227 
349.0602 
1.246 
0.717 
11.928 
5.763 
3.037 
  
0.566 
1.755 
2.257 
2.696 
1.423 
1.136 
0.637 
350.0636 
0.200 
0.173 
2.347 
1.194 
0.600 
  
  
0.370 
0.469 
0.567 
0.306 
0.302 
  
364.9642 
  
  
  
  
  
  
  
  
  
  
  
  
  
365.0342 
3.281 
  
15.299 
4.815 
2.688 
  
  
  
2.580 
2.868 
  
  
  
366.0375 
0.572 
  
2.835 
1.076 
0.606 
  
  
  
0.601 
0.607 
  
  
  
377.2091 
  
  
  
  
  
  
  
  
  
  
  
  
  
483.0763 
  
  
0.281 
  
  
  
0.232 
  
  
  
  
0.080 
  
630.3195 
0.181 
0.144 
  
0.311 
  
  
  
  
0.220 
0.221 
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Table continued. 
 
 
Sm
ith 
m
z 
MSS1b 
MSS2b 
MSS3b 
MSS4b 
MSS5b 
MSS5b1 
MSS5b2 
MSS5b3 
MSS6b 
MSS13b 
MSS13b1 
MSS13b2 
MSS13b3 
273.0289 
  
0.384 
1.071 
0.387 
0.355 
0.226 
  
0.491 
0.581 
  
  
  
  
276.0392 
  
  
  
  
  
  
  
  
  
  
  
  
  
280.935 
0.424 
  
0.405 
1.087 
  
  
  
  
  
  
  
  
  
282.9053 
0.805 
0.910 
0.829 
0.375 
0.925 
1.280 
  
  
3.623 
  
  
  
  
283.1178 
6.687 
13.865 
9.196 
2.587 
3.528 
1.817 
  
2.043 
13.418 
29.421 
12.385 
7.638 
15.985 
284.1214 
1.117 
2.287 
1.551 
0.453 
0.585 
0.304 
  
0.395 
1.875 
4.496 
1.817 
1.245 
2.381 
286.1287 
  
0.629 
0.674 
  
  
  
  
  
0.769 
1.384 
0.535 
0.309 
0.611 
291.0842 
0.304 
0.350 
0.191 
  
  
  
  
0.225 
0.276 
1.621 
0.557 
  
0.998 
300.1444 
  
8.891 
6.152 
  
2.170 
  
  
1.071 
7.508 
13.736 
5.952 
3.501 
  
301.1477 
  
1.292 
1.099 
  
  
  
  
  
1.453 
2.181 
1.014 
0.644 
  
305.0996 
  
0.791 
0.436 
0.779 
  
0.509 
  
0.764 
0.641 
12.614 
3.424 
2.584 
6.650 
305.1281 
  
  
  
  
  
  
  
  
  
  
  
  
  
307.058 
  
0.553 
0.676 
  
  
  
  
  
0.386 
2.154 
0.537 
  
0.770 
321.0737 
  
4.326 
2.122 
  
  
0.425 
  
  
  
23.590 
4.931 
2.436 
7.158 
322.077 
  
0.600 
0.304 
  
  
  
  
  
0.407 
3.450 
1.003 
  
1.119 
327.0782 
21.963 
52.314 
13.329 
15.488 
31.780 
9.117 
9.502 
10.078 
30.004 
16.520 
4.583 
  
4.520 
327.1759 
  
  
  
  
  
  
  
  
  
  
  
0.539 
  
328.0816 
4.288 
9.329 
2.617 
2.953 
6.247 
1.769 
1.962 
2.003 
5.529 
3.270 
0.818 
0.412 
1.059 
328.1794 
  
  
  
  
  
  
  
  
  
  
  
  
  
344.1049 
5.908 
12.791 
3.637 
3.652 
8.463 
2.540 
2.197 
2.661 
7.882 
3.246 
  
  
  
345.1081 
1.258 
2.829 
0.639 
0.748 
1.796 
0.480 
  
0.497 
1.532 
0.694 
  
  
  
349.0602 
0.855 
1.177 
0.618 
2.148 
0.647 
0.916 
0.703 
1.278 
0.711 
1.958 
0.475 
0.303 
0.667 
350.0636 
0.218 
0.293 
0.096 
0.382 
  
  
  
  
  
0.505 
  
  
  
364.9642 
  
  
  
  
  
  
  
  
  
  
  
  
  
365.0342 
  
3.058 
1.879 
1.982 
0.911 
0.527 
0.392 
  
0.975 
2.962 
  
  
  
366.0375 
  
0.663 
0.283 
0.440 
  
  
  
  
  
0.522 
  
  
  
377.2091 
  
  
  
  
  
  
  
  
  
  
  
  
  
483.0763 
  
  
  
  
  
  
  
  
  
0.092 
  
  
  
630.3195 
0.091 
0.420 
  
0.103 
0.102 
  
  
  
0.181 
0.080 
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Table continued. 
 
 
Burns 
m
z 
MSS10a 
MSS11a 
MSS11a1 
MSS11a2 
MSS11a3 
MSS14a 
MSS14a1 
MSS14a2 
MSS14a3 
MSS10b 
MSS11b 
MSS11b1 
273.0289 
  
  
  
  
  
  
  
  
  
  
  
  
276.0392 
  
0.837 
  
0.173 
0.384 
  
0.169 
0.157 
0.180 
  
0.899 
  
280.935 
  
  
  
  
  
  
  
  
  
  
  
  
282.9053 
  
  
  
  
  
  
  
  
  
  
  
  
283.1178 
  
  
  
  
  
  
  
  
  
  
  
  
284.1214 
  
  
  
  
  
  
  
  
  
  
  
  
286.1287 
  
  
  
  
  
  
  
  
  
  
  
  
291.0842 
  
0.473 
  
  
  
0.411 
  
  
  
  
  
  
300.1444 
  
  
  
  
  
  
  
  
  
  
  
  
301.1477 
  
  
  
  
  
  
  
  
  
  
  
  
305.0996 
  
  
  
  
  
  
  
  
  
  
  
  
305.1281 
  
2.139 
0.619 
1.098 
1.371 
  
1.383 
1.414 
1.642 
0.561 
1.433 
  
307.058 
  
  
  
  
  
  
  
  
  
  
  
  
321.0737 
  
  
  
  
  
  
  
  
  
  
  
  
322.077 
  
  
  
  
  
  
  
  
  
  
  
  
327.0782 
  
  
  
  
  
4.057 
  
  
  
  
  
  
327.1759 
0.317 
4.290 
1.593 
2.361 
3.320 
  
3.091 
3.454 
3.557 
1.462 
3.223 
0.632 
328.0816 
  
  
  
  
  
0.894 
  
  
  
  
  
  
328.1794 
  
0.849 
  
  
0.760 
  
0.724 
0.625 
0.816 
  
0.657 
  
344.1049 
  
  
  
  
  
0.919 
  
  
  
  
0.320 
  
345.1081 
  
  
  
  
  
  
  
  
  
  
  
  
349.0602 
  
  
  
  
  
0.637 
  
  
  
  
0.371 
  
350.0636 
  
  
  
  
  
0.135 
  
  
  
  
  
  
364.9642 
  
0.501 
0.363 
0.571 
0.884 
  
0.758 
0.899 
0.762 
  
  
  
365.0342 
  
  
  
  
  
0.503 
  
  
  
  
  
  
366.0375 
  
  
  
  
  
  
  
  
  
  
  
  
377.2091 
  
0.299 
  
  
0.321 
  
0.164 
0.329 
0.175 
  
  
  
483.0763 
  
0.562 
0.233 
0.350 
0.451 
  
0.431 
0.445 
0.463 
0.152 
0.440 
  
630.3195 
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Table continued. 
 
 
 
Burns 
 
 
 
m
z 
MSS11b2 
MSS11b3 
MSS14b 
MSS14b1 
MSS14b2 
MSS14b3 
n_blank 
pval 
qval 
273.0289 
  
  
  
  
  
  
0 
2.41E-05 
1.98E-03 
276.0392 
  
  
  
  
  
  
0 
1.80E-03 
3.82E-02 
280.935 
  
  
  
  
  
  
1 
2.32E-03 
4.47E-02 
282.9053 
  
  
  
  
  
  
2 
2.39E-03 
4.45E-02 
283.1178 
  
  
  
  
  
  
0 
1.43E-11 
4.70E-09 
284.1214 
  
  
  
  
  
  
0 
9.80E-10 
2.30E-07 
286.1287 
  
  
  
  
  
  
0 
1.91E-04 
8.94E-03 
291.0842 
  
  
  
  
0.105 
0.403 
0 
1.90E-04 
9.19E-03 
300.1444 
  
  
  
  
  
  
0 
1.98E-04 
9.01E-03 
301.1477 
  
  
  
  
  
  
0 
1.08E-03 
2.56E-02 
305.0996 
  
  
  
  
  
  
0 
2.36E-08 
4.31E-06 
305.1281 
  
  
  
  
  
1.212 
1 
1.84E-05 
1.59E-03 
307.058 
  
  
  
  
  
  
0 
5.65E-04 
1.75E-02 
321.0737 
  
  
  
  
  
  
0 
9.59E-05 
5.25E-03 
322.077 
  
  
  
  
  
  
0 
2.59E-04 
1.06E-02 
327.0782 
  
  
4.690 
  
  
  
0 
3.59E-14 
2.95E-11 
327.1759 
1.087 
0.668 
  
  
1.083 
2.787 
2 
7.67E-10 
2.10E-07 
328.0816 
  
  
1.079 
  
  
  
0 
6.19E-17 
1.02E-13 
328.1794 
  
  
  
  
  
0.650 
0 
2.74E-04 
1.10E-02 
344.1049 
  
  
1.038 
  
  
  
0 
3.29E-08 
5.39E-06 
345.1081 
  
  
  
  
  
  
0 
8.10E-08 
9.50E-06 
349.0602 
  
  
1.006 
  
  
  
0 
1.34E-11 
5.51E-09 
350.0636 
  
  
  
  
  
  
0 
1.55E-04 
7.70E-03 
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